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Abstract 
This thesis describes an investigation into vehicle handling control using active differentials 
in the rear axle of a motor vehicle. Such devices are able to transfer torque between the 
rear wheels and have traditionally been used to improve traction whilst minimising the 
impact on vehicle handling. However, the capacity to generate a lateral torque difference 
across an axle also gives them the potential to be used for yaw moment control. 
In order to generate a rigorous assessment of this potential, the investigation is carried out 
in three distinct phases. Firstly, an analysis of the scope for modifying vehicle handling 
given unrestricted control over torque transfer between the rear wheels is carded out in the 
simulation environment. For this purpose an idealised yaw sideslip controller is developed. 
This is used to show that an ideal active differential can have significant yaw moment 
authority in terms of generating both understeer and oversteer and that this can be used to 
actively modify a vehicle's handling balance and apply stability control at the limits of 
adhesion. 
In the second phase, the capabilities of two types of contemporary active differential, the 
torque vectoring differential (TVD) and active limited slip differential (ALSID), are then 
assessed against the ideal differential and against a brake based yaw moment controller. 
TVDs are found to be able to offer very similar performance to both their ideal counterpart 
and to the brake based system. They Gan also deliver this performance with a fraction of 
the energy loss that is observed in the brakes, thus making TVDs a viable proposition for 
applying continuous yaw control below the limits of adhesion. ALSDs, on the other hand do 
not offer equivalent functionality to an ideal active differential but are still shown to be very 
effective stability control devices. 
In the third phase, the ALSID results are validated on a prototype vehicle where it is shown 
that they do indeed offer substantial stability improvements both on high and low-P 
surfaces. However in order to deliver such benefits and be practical for implementation, it 
is also shown that significant redevelopment of the idealised controller is required. Finally, 
with the ALSID operating alongside a commercial brake based stability control system, it is 
proven that substantial reductions in brake intervention can be achieved without significant 
controller integration. 
Keywords: Vehicle dynamics, active differential, yaw-sideslip control, active chassis 
systems 
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I Introduction 
Vehicle handing control systems are becoming commonplace in the motor industry. The 
majority of such systems currently in production are Electronic Stability Control (ESC) 
systems that use brake interventions at individual wheels to develop yaw moments that 
protect vehicle stability at times when it would otherwise be compromised. These systems 
are highly effective from a safety perspective and are now standard fitment on premium 
vehicles. However, for the next generation of vehicle handling control systems, the focus of 
the premium vehicle manufacturers is not just to improve safety but also to increase driver 
enjoyment whilst driving both below and at the limits of adhesion. Brake based systems 
are not conducive to driver enjoyment [Hutchkoetter, 2004] because, as experience at 
Jaguar has shown, they are highly intrusive, causing sudden decelerations and loss of 
vehicle speed. This intrusiveness, allied to their inefficiency, also precludes their use for 
sub-limit handling control. 
Alternative actuation systems are therefore being considered that may provide increased 
stability, without the intrusiveness of a brake based system, and also provide the ability to 
perform vehicle handling control below the limit. The most commonly considered systems 
in this area are active suspension and active steering (front, rear or both). However, in the 
last decade advances in differential design have opened up the possibility of using 
controlled driving torque distribution for vehicle handling control. 
The passive limited slip differential (LSD) that transfers torque across an axle in response 
to torque input or cross axle speed difference has been applied to high performance and off 
road vehicles for many decades. However, whilst such devices are effective at improving 
traction, they can have a negative impact upon vehicle handling and also conflict with anti- 
lock braking (ABS) and ESC systems. Active differentials that allow the magnitude of 
torque transfer to be controlled electronically were thus originally developed with the intent 
of producing similar traction benefits to an LSD whilst eliminating the negative impact on 
handling and providing greater compatibility with ABS and ESC. The success of active 
differentials in this regard is well documented [Tezuka, 1991, Boos, 1992, Stall, 1992, Park, 
2005] and systems which deliver these benefits have begun to appear in mass produced 
vehicles in the last few years. 
However, the ability to actively control torque transfer across an axle brings with it the 
ability to actively control the vehicle's yaw moment, particularly with the recent advent of 
more advanced devices that allow both direction and magnitude of torque transfer to be 
controlled. Despite this, the extent of the active differential's capabilities in this area is less 
widely appreciated. However, they are clearly worthy of consideration because of the fact 
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that they reapportion, rather than reduce, the torque supplied to the wheels, giving them an 
inherent advantage over brake based systems. This theoretically allows them to be less 
intrusive when applying stability control and also makes it potentially feasible for them to be 
employed for sub-limit handling control. 
The ability of active differentials to realise the potential highlighted above will be dependant 
upon a range of factors. This includes their overall yaw moment authority and the manner 
in which this authority will allow them to modify vehicle handling characteristics; application 
for sub-limit handling control implies significantly increased duty cycles and the feasibility of 
their application in this area will therefore depend on the energy loss arising from their 
actuation. In addition, the overall effectiveness of the control that they apply will also 
depend on a number of other practical limitations such as, torque transfer capacity, speed 
of response and control over direction of torque transfer. 
In an attempt to address the issues raised above, this thesis aims to present a rigorous 
assessment of the overall potential of active differentials in the application of sub-limit and 
limit handling control. This will encompass an assessment of the overall capability of an 
ideal system and how the limitations imposed by current technology impact upon this 
capability. The performance of active differentials relative to brake based systems will also 
be considered with a view to understanding the extent to which they could replace or 
augment such systems. During the course of this assessment it will be necessary to 
develop a suitable control algorithm. Therefore, an effective means of controlling an active 
differential and the impact of practical application on these controls will also be considered. 
Finally experimental validation of the findings will be presented via application of an active 
differential control system to a real vehicle. 
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1.1 Obiectives and Scope 
1.1.1 Objectives 
The objectives of this thesis are to: 
1) Demonstrate the ultimate potential of an active differential to modify the handling 
behaviour of a vehicle (in the simulation environment). 
9 Assumes unrestricted control over torque transfer at the rear wheels (actuator 
limitations ignored). 
A supporting objective here is to develop an effective means of controlling an 
active differential in order to realise this potential. 
2) Assess the relative merits of current active differential technologies (in the simulation 
environment), using the results from 1) as a benchmark. 
Torque transfer capacity is restricted according to the characteristics of 
contemporary active differentials. 
3) Compare the performance of active differentials with a brake based yaw moment 
control system. 
" Relative performance assessed in terms of both vehicle dynamics and efficiency. 
" Includes evaluation of the merits of combining active differential and brake based 
yaw moment control. 
4) Develop, using results from i) and 2), an active differential controller for practical 
application to a real vehicle. 
e Includes the resolution of such issues as compensation for actuator time 
response, resistance to changes in surface p and avoidance of false intervention. 
5) Validate the findings of the analysis in the simulation environment with on-vehicle 
measurements. 
1.1.2 Scope 
This investigation is carried out with the support of Jaguar Cars Ltd and Land Rover Ltd. In 
order that the results may be applicable to both brands, only active differentials applied to 
the rear axle of the vehicle will be considered, although it should be noted that the results 
are likely to be equally applicable to front axle applications. For the same reason, only 
devices which can function as the primary drive axle will be considered. Hence, whilst it is 
recognised that 'hang on' devices such as twin couplings can have a significant impact on 
the handling characteristics of all wheel drive (AWD) vehicles, they will not be considered in 
detail here. 
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1.2 Backwound 
There are three main types of automotive differential: open, passive limited slip and active. 
This section provides a brief overview of each type and the functionality that they offer. 
1.2.1 Open Differentials 
The invention of the modem automotive open differential is attributed to Onesiphore 
Pecqueur [Milliken, 1995] who patented the device in 1827. Its fundamental purpose is to 
evenly distribute propulsion from a single input shaft to two output shafts, whilst allowing 
the two output shafts to travel at different speeds. This is important in automotive 
applications because the driven wheels of a vehicle travel on different radii of turn whilst 
cornering and therefore need to be able to travel at different speeds if a difference in tyre 
slip is to be avoided. The open differential amply fulfils this requirement as it places no 
restriction on output shaft speed difference whilst supplying equal torque to each wheel. 
1.2.2 Limited Slip Differentials (LSD) 
Whilst distributing torque equally to each wheel is desirable in many circumstances, it does 
restrict performance during traction events because maximum traction is effectively limited 
to just twice that available from the wheel with the least grip. The passive limited slip 
differential attempts to correct this limitation by providing some form of connection between 
the two driveshafts, allowing torque to be transferred to the most appropriate wheel. 
The torque transferred by an LSD is always from the faster wheel to the slower wheel and 
is generally a function of either wheel speed difference (speed sensing type) or torque input 
(torque sensing type). In both cases tangible improvements in traction can be observed in 
scenarios such as split-p acceleration and acceleration out of a turn [Hancock, 20011. For 
example, during acceleration out of a turn, load transfer to the outside wheel reduces the 
force capacity of the inside wheel and under high torque inputs it can saturate. An LSD 
would therefore transfer torque from this wheel to the outside wheel (which has a higher 
force capacity), thus improving traction. 
However, the traction improvements offered by LSDs come at a price. In many cases they 
can transfer so much torque to the outside or high grip wheel that they also cause that 
wheel to saturate. In a RWID vehicle this results in a dramatic loss in lateral force at the 
rear of the vehicle and therefore a loss of stability. The fact that speed sensing types 
transfer torque in response to any wheel speed difference means that they can also create 
undesirable understeer whilst cornering at low torque inputs. 
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1.2.3 Active Differentials 
Active differentials allow electronic 
control over torque transfer and can 
therefore provide further optimisation of 
vehicle traction whilst minimising the 
stability degradation and increased off- 
throttle understeer caused by passive 
LSDs. However, the potential of active 
differentials goes beyond simply 
creating the 'ideal' passive LSD. The 
ability to create different longitudinal 
forces on either side of the vehicle 
allows active differentials to be used for 
yaw moment control. For example, 
transfer of torque to the inside wheel in 
/ 
Figure 1.1: The impact of torque transfer to the 
inside wheel 
a comer (Figure 1.1) generates a yaw moment which increases understeer and could 
therefore be used to increase vehicle stability. Similarly, torque transfer to the outside 
wheel generates a yaw moment which reduces understeer and could therefore be used to 
increase agility. This method of yaw moment control is particularly powerful because 
during its application the total driving torque applied to the wheels remains unchanged and 
therefore, unlike a brake based yaw moment control system, the vehicle's speed is 
unaffected. 
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1.3 Active Differential Hardware 
Controlled torque distribution systems employ devices which are able to create a torque 
difference, either between axles or across an axle. In line with the scope of this 
investigation (Section 1.1.2), this review will focus on devices which are able to create a 
lateral torque difference across on axle and that can also function as the primary drive axle. 
These devices can be broadly classified as either: 
i) Active Limited Slip Differentials (ALSD) - modified passive LSDs which allow 
magnitude but not direction of torque transfer to be controlled. 
ii) Torque Vectoring Differentials (TVD) - allow both magnitude and direction of torque 
transfer to be controlled. 
Twin couplings, which allow independent control over the torque transferred from the prop 
shaft to each driveshaft, can also create a lateral torque difference across the axle and so a 
brief review of these devices is included at the end of this section. However, since they are 
not currently considered to be suitable for application as the primary drive axle, they are not 
considered in detail. 
1.3.1 Active Limited Slip Differentials 
ALSDs are characterised by the fact that they will always transfer torque to the slower 
wheel. They therefore allow control over the magnitude of torque transfer across an axle 
Ith 
In! 
but not direction. In the vast majority of cases 
the mechanism by which torque transfer is 
achieved is a wet friction clutch pack. ALSDs 
are therefore largely based on the Gerodisc 
type passive LSD [Okcuoglu, 1995] (Figure 
1.2). Here a wet multi-disc friction clutch is 
used to clamp one of the driveshafts to the 
cage of a conventional bevel gear type 
differential, thus locking the differential. In an 
ALSD, some form of electronic control is 
provided over the clamping force applied to 
this clutch pack and hence over the torque 
transfer across the differential. Numerous actuation methods have been proposed as a 
means of achieving this control. In a Gerodisc, the speed difference across the axle is 
used to generate hydraulic pressure to clamp the clutch plates together. The simplest form 
of ALSDs therefore incorporate a control valve into this device to allow the torque transfer 
to be modulated with some independence from wheel speed difference [Kinsey, 20041. 
However, this type of ALSID suffers from the disadvantage that the maximum clamping 
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force that can be applied to the clutch pack at any given time is a function of wheel speed 
difference. This therefore prevents pre-emptive locking whilst the vehicle is at rest or 
travelling straight ahead. The same disadvantage exists with the electro-magnetic actuator 
proposed by Teraoka (1993), Haiki (1994) and McKenzie (2004). Here, a small pilot clutch 
is activated by an electro-magnet which in turn activates a ball and ramp mechanism once 
a speed difference occurs across the differential. This ball and ramp mechanism acts on 
the main clutch, providing the required torque transfer. 
Dependency of the clutch pack clamping force on wheel speed difference is removed when 
the pump is driven by an external power source such as an electric motor [Cheli, 2005]. 
Alternatively, an electric motor can be used in conjunction with an expander mechanism to 
apply clamping force directly to the clutch pack. This method is used in GKN's 'Electronic 
Torque Manager and is illustrated in Figure 1.3 where a ball and ramp mechanism is used 
to convert the motor torque into a longitudinal clamping force [Gassmann, 2003a and 
20041. This type of device is currently in production with three major vehicle manufacturers 
[Gassmann, 2003b] in sports utility vehicle (SUV) applications. 
Ckit& Pamp 
DiffererdW 
Gear Set 
Werential 
Case 
Reduction 
Gear Set 
Electric Wor + 
Air Br*e (Br*e 
optional) 
Figure 1.3: ALSD with electric motor actuation [Gassmann, 2004] 
Finally, pneumatic actuation, where a vacuum pump, chamber and diaphragm are used to 
clamp clutch plates together has also been proposed, although only one example of its 
implementation on a vehicle has been found [Fleischmann, 1990]. The actuation 
mechanism used in an ALSD is the key driver behind attributes such as torque capacity, 
speed of response and weight. The relative merits of each type with respect to such 
attributes are summarized by Stall (1992) using the following table, 
Pack- Torque Control- Additional 
Actuation Cost Speed 
Aging Capacity ability Parts 
Electro-Hydraulic - + ++ ++ ++ 
Electromagnetic 
I 
+ 
II 
++ + ++ 
I 
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Electric motor ++ 
Pneumatic 
I able 1.1: Advantages and disadvantages of various actuating systems 
Pneumatic systems are clearly not regarded favourably here and are not considered further 
in this section. A selection of the attributes used to characterise the other three types of 
actuation system in Table 1.1 will now be discussed in more detail. 
Locking Torque Capacity: 
The locking torque capacity of an ALSID is the maximum torque difference that can be 
generated across the axle (2 x torque transfer). It is largely determined by the actuation 
system and is a crucial factor in an ALSID's overall capability to control vehicle traction and 
handling. Stall (1992) suggests that 160ONm is sufficient to provide adequate control over 
the vehicle's behaviour. Hydraulic systems have no difficulty in this area and can generate 
up to 250ONm of locking torque [Boos, 1992]. Electric motors can also generate sufficient 
locking torques (over 160ONm) [Gassmann, 2004]. However, the torque capacity of 
electromagnetic actuation is dismissed by Stall (1992) as being inadequate. This is 
contradicted by Teraoka (1993), where torque capacities of up to 150ONm for an 
electromagnetically controlled differential are claimed. Note that in the event of power loss 
to an actuation system a controlled differential will generally revert to an open condition 
(Stall, 1992 and Sasaki 1995a). 
Speed of Response: 
Characterising the speed of response of an 
active differential is critical for controller 2= 
design and, for the on vehicle application E 1500 
discussed later in the thesis (Section 7 
onwards), this is explored in considerable 
detail. According to the literature, the 50D 
speed of response appears to be very 0 
similar for all three actuation systems. With 
electric motor actuation, 80% of maximum 
Engagement Twne 
locking torque can be achieved within 
Figure 1.4: Typical engagement time for an 150ms [Gassmann, 2004] (Figure 1.4). electric motor actuating system [Gassmann, 
Similar values are quoted for 2004] 
electromagnetic and hydraulic systems [Teraoka, 1993] (Figure 1.5). However fast 
response times may not always be desirable and Stall (1992) asserts that they should be 
'lengthened rather than shortened to prevent a negative impact on stability. The 
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disengagement time response for electro-magnetic and electric motor systems (0.1 and 
0.12s respectively) is significantly faster than that observed for a hydraulic system (0.4s). 
This discrepancy is due to the fact that both electromagnetic and electric motor systems 
are capable of actively pulling the clutch plates apart, whereas hydraulic systems 
meanwhile simply rely on the seals around the piston and are thus subject to the influence 
of friction. 
4. 
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Figure 1.5: Response times for electromagnetic and hydraulic actuating systems [Teraoka, 1993] 
Controllability: 
The non-linearity of the actuating force 
(Figure 1.6) is cited as a disadvantage of 
electromagnetic differentials by Stall 
(1992). However, Teraoka (1993) simply 
describes this as a problem that can be 
'solved and compensated for by a control 
method'. Both hydraulic and electric 
motor systems exhibit linear relationships, 
although, for the electric motor, the control 
current has to be pulsed to avoid 
hysteresis problems as the torque is 
modulated [Stall, 1992 and Gassmann, 
2004]. 
Cost and weight: 
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Figure 1.6: Torque transfer characteristics of 
hydraulic and electromagnetic systems [Stall, 
1992] 
Due to the additional parts required (eg. pump, lines) hydraulic systems are relatively 
expensive. An electric motor is offered by Stall (1992) as being a relatively low cost 
method of producing equivalent performance to a hydraulic system, whilst a similar case is 
made for electromagnetic systems by Teraoka (1993). It is also claimed that 
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electromagnetic actuation is a relatively light solution, adding just 4kg to the vehicle mass 
(compared to 17-26kg for hydraulic system). 
Having dealt with the actuation system, attention is now turned to the torque transfer 
mechanism. Despite their widespread use, wet friction clutches do have limitations, the 
principal one being their limited thermal capacity. Road vehicle operating conditions rarely 
require that the differential is completely locked and some intermediate condition between 
open and locked may therefore be required for substantial periods of time. During such 
periods, energy loss occurs due to the sliding of the clutch plates. This lost energy is 
dissipated in the form of heat, and the clutch therefore needs to be protected against 
thermal overload, restricting the time it can be slipped for. Very few papers actually make 
reference to this issue, although both Stall (1992) and Boos (1992) indicate that their 
control algorithms monitor the thermal condition of the LSD. Boos (1992) calculates the 
power loss in the clutch and 'if the thermal limit is exceeded, the clutch is either fully 
opened or fully closed'. It is also likely that temperature will effect the locking torque 
generated by the clutch, although Kwoka (1999) suggests that in the range of 295K to 393K 
the variation in locking torque is less than ± 8%. 
Due to the limited thermal capacity of friction clutch packs and other issues such as judder 
[Kaneko, 1996], alternative torque transfer devices, such as magnetic particle clutches 
[Hamilton, 2004] are being investigated for torque vectoring differentials (see Section 
1.3.2). However, specifically for ALSDs, there is little evidence of activity in this area, 
although a viscous coupling employing magneto rheological fluid is suggested by Kondo 
(1994). 
1.3.2 Torque Vectoring Differentials 
The key drawback in terms of controllability of ALSDs is that they will always transfer 
torque to the slower rotating wheel. For active yaw control applications (see Section 1.4.3), 
it is desirable to have control over the direction as well as magnitude of the torque transfer. 
This is possible with a torque vectoring differential (TVID). 
Two principal mechanical configurations exist for a TVD. The first has clutches 
superimposed in the torque path and is essentially the solution developed by Mitsubishi for 
one of only two known production applications of a TVID in its EVO VII (and VIII) models 
[Gassman, 2005]. A schematic of such a differential is shown in Figure 1.7 [Sawase, 
1999]. Here, an additional gear set (three gang gearing, Figure 1.7) is used to drive a 
'speeded-up' and a 'slowed-down' shaft. If the wheel speed difference is within a certain 
range, referred to here as the allowable wheel speed difference (AWSD), the right hand 
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drive shaft will be 
travelling faster than the Input Slowed-down shaft (B) 
slowed down shaft but 
Differentiall 
gearing 
slower than the speeded X Speeded-up 
up shaft. Hence clutching shaft (A) 
the right hand driveshaft ZI Z2 
to the slowed down shaft To left hand To iight hand 
(using the left hand wheel wheel 
clutch) will transfer torque 
away from it (to the left 'A 
hand wheel) whilst 
74 
Right hand Three gang T clutch (Cr) 
clutching it to the Carrier gearing Left 
hand 
clutch (CI) 
speeded up shaft (using Figure 1. T TVD with superposition clutches [Sawase, 1999] 
the right hand clutch) will 
transfer torque to it. Hence the direction of torque transfer can be controlled by simply 
selecting the appropriate cutch to engage. Note that this no longer holds if the right hand 
driveshaft speed falls below or above that of the slowed down or speeded up shafts. The 
greater the AWSID, determined by the ratios chosen for the 'three gang gearing', the less 
likely this is to occur. The AWSD therefore has a significant influence on yaw moment 
authority and its impact is therefore considered in the forthcoming investigation (Section 5). 
6C 
Ideally, it should be as small 
12 7A 8B 
12A 
as possible because the 
12 higher the ratios chosen, the 
128 greater the sliding speed in 
11 
3OF 
the clutches and the greater 
'e, 
-14 the energy loss, so it is likely 
13 OA 
that there will be a trade off 
308 between control authority and 
OC efficiency (assessed in 
9B Section 6). The actuation 
30 8ýA 30 
mechanism for the dutch 
78 8D 30D packs could be any of those 
Figure 1.8: Alternative TVD with superposition clutches 
already discussed for an 
[Sawase, 1994] ALSD in the previous section. 
Note that the exact arrangement of clutches and gearing can vary from that shown in 
Figure 1.7 [Sawase, 1994 and Teraoka, 1999]. For example in Sawase (1994) the 
superposition approach is achieved with a symmetric arrangement of the clutches and 
additional gearing as shown in Figure 1.8. 
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The second configuration is almost identical in concept, except that here stationary 
clutches outside the direct torque path are used to transfer torque. This type of TVID is 
often referred to as the 
'Mimura' differential (Figure 1 5b I 5a 5 
7& 
1 Oa I Ob 1.9, [Mimura, 20001) and an 16 15( 6 
2& 
7 
earlier version of this 1712 
concept has appeared in 
laý71 
production on a Honda 
4 1711- 3 
1ý 
IT 
Prelude [Shibahata, 19981. 
Its operation can be most 
easily visualised if the 14 F1 Pý! LT- -- fl, vehicle is first assumed to 
be travelling in a straight 2 
line. Considering the right 7a 
hand side of the differential, 
Figure 1.9: TVD with stationary clutches [Mimura, 20001 
with the clutches open, the additional gearing carrier (denoted '11' in the figure) rotates at 
axle speed and hence the gearing (10) does not rotate. If the right hand clutch (12) is 
engaged however, the carrier is slowed down and the additional gearing is forced to rotate 
and speed up the right hand shaft (3), hence transferring torque to it. Note that the 
conventional bevel gear differential in the centre ensures that the left hand shaft is slowed 
down by the equivalent amount. The clutch and gear arrangement on the left hand side of 
the differential is identical to that on the right hand side and therefore serves to transfer 
torque to the left hand drive shaft (4). As with the superposition approach the differential 
can only vector torque in this manner if the wheel speed difference falls within the AWSID. 
This is again determined by the ratios employed in the additional gearing. As with the 
superposition approach there are a number of possible variations to this configuration. 
Examples include Narai (1999), Lipman (2004), Baxter (2005) and Puiu (2006). 
Whilst these two configurations can achieve equivalent functionality, the positioning of the 
clutches results in some fundamental differences between them. In the superposition 
approach high locking torques are required from the clutches at relatively low slip speeds, 
whilst with stationary clutches much lower locking torques (typically 10% of those required 
in the superposition approach) are required at higher slip speeds (typically 10 times higher) 
[Sackl, 2005]. In addition, whilst travelling in a straight line, the additional gearing used with 
stationary clutches does not rotate. This contrasts with the superposition approach where 
the additional gearing rotates at axle speed at all times. These differences result in the 
advantages and disadvantages of each configuration shown in Table 1.2 [Sackl, 2005]. 
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Number of Parts 
Clutch Layout 
Response Time 
Accuracy 
Free travel 
Actuator 
Requirements 
Efficiency of 
Clutch Pack 
Superimp-o-se-dC-lutches -C-lu-tches 
More parts Fewer parts 
Sarne rflass (high torque low Saine inass (low torque high 
speed) 
ý 
speed) 
M-o-re-su-sce-p-t-ble -to -variation ------H-ig-h--sll[p speeds make response 
due to lower slip speeds times less susceptible to variation. 
Clutch torque equivalent to Error in clutch torque multiplied by 
wheel torque. Torque is in around 1 Oat the wheel. Low torque 
linear working area of clutch level means unstable clutch 
characteristic. characteristic (harder to control). 
Smaller free travel required Higher free travel required (d-ue-to-7 
above) to minimise drag torque. 
less free travel Advantage of lower torque level. 
Same (high torque / low speed) I Same (low torque / high speed) 
Efficiency of Addit-io'nal g-ea--rin-g-r-ota-te-s-a--if----- A--d--d-i-t*i--o-n-al-g-e-a-ri-n-g- stati-o-n-ary-f-o-r- 
Gear Set axle speed at all times straight line driving. 
NVH Same Same 
Lubrication of Clutches rotate according to At high torques, no centrifugal force 
Clutches wheelspeed. (clutch locked to casing). Forced 
lubrication may be required. 
Manufacturing Normal spur gear sets. Double planetary gear sets. 
Table 1.2: Advantages (green) and disadvantages (red) of the two mechanical TVD 
configurations. 
Note that with either type of TVD, it is not possible to pre-emptively lock the differential (as 
can be accomplished with an ALSD). Locking can only be achieved by slipping the 
appropriate clutch so that zero speed difference is obtained across the axle (locking either 
clutch would result in a fixed speed difference across the axle). 
Efficiency of 
Gear Set 
NVH 
Lubdcation of 
Clutches 
The TVDs discussed above typically use wet friction clutches as their means of transfening 
torque. As is discussed in Section 1.4, TVDs lend themselves to active yaw control 
systems where the vehicle's yaw motion is actively controlled throughout its operating 
range. This means that the duty cycle for TVD clutches is likely to be much higher than for 
an ALSID clutch, which may only be used during traction and stability events (Section 1.4). 
As a result, the thermal capacity and durability of the clutches are more significant issues in 
a TVID and can have a major impact on performance. For example, the TVD in the 
Mitsubishi EVO VII has been found to suffer from overheating during aggressive driving 
[Gassman, 2005]. In an attempt to combat these issues, altemative clutch technologies are 
axle speed at all times straight line driving. 
Same Same 
Clutches rotate according to At high torques, no centrifugal force 
wheelspeed. (clutch locked to casing). Forced 
lubrication may be required. 
loýý 
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being considered for application in a TVD. These include Magneto-Rheological (MR) 
clutches [Wheals, 2004] and Magnetic Particle (MP) clutches [Hamilton, 2004]. These 
potentially have the advantages of higher thermal capacity and also faster response than 
conventional wet friction clutches. However significant problems have to be overcome with 
both MR and MP clutches before they could be applied in a TVD. In both cases the 
torque/mass ratio is poor and MR clutches also suffer from high drag torque. 
A method of obtaining TVID functionality without using any form of clutch technology is 
described by Ikushima (1995). This uses a continuously variable transmission (CVT) and 
torque transfer shaft (Figure 1.10). By applying different compressive forces to each of the 
CVT elements, torque can be transferred in the desired direction and a wheel speed 
difference can be actively generated. However, the maximum speed difference ratio will be 
limited by the maximum CVT ratio possible, which is likely to be determined by packaging 
considerations. The principal advantage claimed over a clutch and gear type device is 
relatively minimal energy loss. 
1.3.3 Twin Couplings 
The final type of lateral torque transfer system that can be employed is a twin coupling 
[Okcuoglu, 1997 and 2000]. Here, each driveshaft has its own independent connection 
with the prop shaft via a friction clutch. This gives independent control over the torque 
flowing to each wheel and allows the generation of a yaw moment through asymmetric 
application of the clutches. However, the disadvantage of these devices (relative to a TVD) 
is that they require significant input torque from the prop shaft to generate a yaw moment in 
both directions [Cooper, 2004]. Unlike a TVD, if there is no input torque (the driver is off 
throttle) it is only possible to generate an understeering yaw moment (by locking both 
clutches). An example of the production application of twin couplings can be found in the 
Honda 'Super Handling AWD' system applied to such vehicles as the Acura and Legend 
[Kunii, 2004 and Peterson, 2003]. 
Currently, twin couplings are used exclusively for the secondary axles of AWD systems 
[Okcuoglu (1997)]. This is because, as a primary axle they would also be required to 
perform the function of an open differential. The frequent slipping of the clutches required 
for this is likely to cause prohibitive energy loss and heat build up. However, in the future, 
with 'more powerful and compact couplings, it is conceivable to utilize twin couplings for the 
primary axle in lieu of a differential' [Okcuoglu, 2000]. Alternatively, they could be used as 
the primary drive axle if an ALSID was employed with individual clutches on each output 
shaft [Park, 2004 and Kroppe, 2004]. 
IPZL-" 
PhD Thesis 14 JAGUAR 
Vehicle Handling Control using Active Differentials 
LA3ughborough 
Uni, mrsity 
1.4 Active Differential Functionality and Control 
This section reviews control strategies that have been applied to active differentials 
specifically and the (vehicle level) functionality that they offer. In general, three categories 
of control strategy can be defined: those which concentrate solely on improving traction (i. e. 
emulate and improve upon the performance of a passive LSD), those which focus on 
improving off-throttle vehicle stability and those which attempt to provide full active yaw 
control (AYC). Traction and stability control systems tend to use ALSDs whilst AYC 
systems tend to use TVDs. Each of these types of strategy is considered in detail in the 
following sections. Also, consideration is given to the manner in which active differential 
controllers may be integrated with other vehicle dynamics control systems that may be 
present on the vehicle. 
1.4.1 Enhanced Traction Systems 
The majority of published literature on active differential control systems tends to focus on 
obtaining the traction benefits offered by a passive LSD whilst eliminating the 
disadvantages. All of these systems use ALSDs, with the simplest examples using 
feedforward only strategies. Here, traction benefits are obtained using a map representing 
a passive LSD characteristic (usually wheel speed difference input versus torque transfer) 
to generate a base torque transfer request. This base request is then reduced using 
various strategies to mitigate the negative features of passive LSDs, namely loss of stability 
during traction events and increased understeer at low driving torques. For example, both 
Fleischmann (1990) and Stall (1992) propose reducing the torque transfer as vehicle speed 
increases to guard against the stability problems that may occur on split-p surfaces. Stall 
(1992) also proposes that torque transfer is reduced during traction events as steering 
angle increases since high steering angles indicate that the driver's workload is becoming 
unacceptable. Steering wheel corrections of up to 901 on split-p are generally considered 
acceptable in the automotive industry according to Hoeck (1999). It should be noted, 
however, that the use of steering angle to demand a reduction in torque transfer does 
mean that improvements in traction during cornering may be restricted. 
Elimination of unwanted understeer is achieved by Tezuka (1991) by reducing torque 
transfer when input torque is low (i. e. when the driver is cruising or on the brakes). The 
same objective is also targeted by Park (2005) where a kinematic model is used to 
calculate the wheel speed difference that should be generated under free rolling conditions. 
This is then used as a threshold below which the differential is opened. 
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A more robust means of ensuring that torque is only transferred when necessary and that 
stability is protected whilst doing so is through feedback control. An example is the system 
suggested by Stall (1992). Four wheel speed sensors are required to calculate the 
longitudinal slip of the rear wheels and also the rear wheel speed difference. Rear wheel 
speed difference is used to detect split-p or unequal loading conditions and torque is 
transferred to the high grip wheel accordingly. However torque transfer is restricted to 
ensure the slip of the high grip wheel does not exceed 20%. This ensures that this wheel 
maintains some lateral force capacity and thus limits any reduction in stability. 
0.8- Climb 0% S,,, Controllable LSD 
Power 90 % 
p-siAlt dry asphalt/lce 
-0.6- Slow DL 40 % 
ca 0.4- 
Limit of Shigh DL 40 % 
0.2- stability S. Smgh controllable LSD 
0 
61234 
t P-split 10 
Distance w [m] --0- 
In a similar system described by Teraoka 
(1993) it is argued that it is not necessary to 
monitor wheel speed difference; torque 
transfer is simply applied when the slip of 
one of the wheels exceeds 10%. Hence, on 
a split-p surface, the high slip rate of the 
low-p wheel causes torque to be transferred 
to the high-p wheel. If the slip of the high-p 
wheel then exceeds 10%, torque is 
transferred back in the other direction thus 
Figure 1.11: Split-p straight line acceleration test with 
controllable and passive (DL) LSDs [Boos, 1992] 
ensuring maximum traction from the high-p 
wheel. The benefit of this type of strategy is 
illustrated by Boos (1992) where a split-g straight line acceleration test is performed at 90% 
throttle. With a passive LSD so much torque is transferred to the high-g wheel that it 
causes it to spin. However with the controlled LSD torque transfer is restricted so that the 
slip of the high-p wheel remains close to the peak of the p-slip curve (Figure 1.11). 
1.4.2 Enhanced Stability Systems 
The functionality of an ALSID control system can be extended so that the understeer 
generation capacity of the differential is used to give improved stability in scenarios where it 
may otherwise be compromised. Very few of the ALSID control systems described in the 
literature acknowledge or exploit this functionality. However, the ALSID control systems 
employed on the Nissan Skyline [Sasaki, 1994 and 1995a] and Ferrari F430 [Resta, 20051 
are known to take advantage of it. In both cases the strategy employed is open loop with 
high torque transfer requested when significant longitudinal deceleration is detected at high 
lateral accelerations. This approach is therefore aimed specifically at improving stability 
during throttle off or braking in a turn scenarios. The improvement offered is validated in 
Resta (2005) with on vehicle measurements indicating a significant reduction in driver 
workload during a throttle off in a turn event. It is possible that stability improvements may 
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be obtained across a wider range of scenarios with feedback control. However, Resta 
(2005) claims that a feedback strategy 'would react too slowly' for this to be practical. 
Results in this thesis would tend to contradict this claim. 
Similar improvements in throttle off in a turn stability are reported by Hutchkoetter (2004) 
where the relative contributions of front, centre and rear ALSDs are compared in an AWD 
vehicle. Both of the axle ALSDs have a much stronger impact on stability than the centre 
device, with front being slightly more effective than rear due to the increased load on the 
front wheels during such an event. Details of the control strategy employed are not given 
but it would appear to offer greater functionality than the Nissan and Ferrari examples, 
since improved driver workload is also shown during a constant speed double lane change. 
This improvement is obtained with all three ALSDs operational and in this case it is not 
stated which is making the greatest contribution. It should be noted that similar stability 
control benefits are available from the (brake based) ESC systems that are now widely 
available on premium vehicles. However, as pointed out by Hutchkoetter (2004), ESC 
interventions cause sharp deceleration of the vehicle and are therefore intrusive. Active 
differential interventions on the other hand are smoother and do not slow the vehicle down, 
making them less noticeable by the driver. Overall, Hutchkoetter's results give a clear 
indication that, despite their somewhat limited authority (relative to TVDs), ALSDs have the 
potential to offer significant benefits when used for yaw moment control. They are 
therefore clearly worthy of consideration in the forthcoming investigation. 
1.4.3 Active Yaw Control Systems 
The use of active differentials to 3 
improve comering performance can be 
taken a stage further with direct control 
of the vehicle's yaw moment using 
feedback control. For the remainder of 
this section this type of control will be 
referred to as Active Yaw Control 
(AYC). AYC is possible with an ALSID 
but since such devices can only 
generate a contra cornering yaw 
moment, the benefits will be in terms of 
the improved stability described by 
0 4) 
C4 
0 
Curve radius . 30 m 
I Without A 
5 10 
Lateral acceleration (m/i) 
Figure 1.12: Understeer gradient modified by A YC 
[Sawase, 1999] 
Hutchkoetter (2004) in the previous section. However, with the advent of torque vectoring 
differentials it is also possible to generate a pro comering yaw moment (Section 1.3.2) and 
this allows the theatre of active differential operation to be moved beyond the stability 
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region to sub-limit handling. Despite this 
'. ON 
0., 
vchide mark: 0-imc 
Dittanm (m) 
potential, examples of the application of 
TVDs in AYC systems in the literature 
are scarce. The most notable examples 
found are Ikushima (1995) and Sawase 
(1999). Both use simulation models to 
show how steady-state cornering 
characteristics can be modified with a 
TVD. This is illustrated in Figure 1.12 
which shows how the understeer 
Figure 1.13: Braking in a tum test with and withoutrVD gradient of a vehicle has been modified 
yaw moment control (A YC) [Sawase, 1999] with the TVD. Not only does the linear 
region appear to have been extended but the limit of the vehicle has also been increased 
by around 0.5M/S2 . 
The potential impact of a TVD on vehicle stability is also illustrated by 
Ikushima (1995) during limit handling manoeuvres. For example, it is shown that the TVD 
is able to stabilise the vehicle during a braking in a turn event (Figure 1.13). Reduced 
driver workload due to improved stability is also shown for a single high-g lane change. 
TVDs are also employed (on both front and rear axles) in an AYC system described by He 
(2004). However in this case the differentials are used for stability control purposes only 
and the focus of the paper is on the way in which active steering systems may be used to 
reduce the workload of the TVDs. 
Having described the functionality that may be offered by AYC with active differentials, the 
control strategy used to deliver this is now considered. Two methods appear to be in use 
for active yaw control systems (Abe, 1999). They are individualised by their respective 
primary control parameters, yaw rate and vehicle sideslip angle. Both methods generally 
involve using a 'reference model' to estimate what the yaw rate or sideslip angle should be 
and then comparing this estimation with the actual value. The reference yaw rate or 
sideslip angle is based on the behaviour of the vehicle and driver and the error with respect 
to the actual value is used to determine the yaw moment demand. 
Although not described in detail, the yaw rate based method is the one employed by 
Ikushima (1995) and there are numerous other instances of its application in the literature 
(with other actuators). Examples include Matsuo (1993), Ohba (1999), van Zanten (1995 
and 2000), He (2004) and Cooper (2004), where it is applied in AWD, brake, steering and 
suspension systems. In all these cases, steering angle and vehicle speed are used to 
calculate a reference yaw rate using some form of bicycle handling model. In some 
instances, just the steady state yaw rate gain of the bicycle model is used, 
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whilst in others a transient component is also added. The bicycle model parameters are 
tuned such that its response represents the desired response of the passive vehicle to 
which the control system is being applied. Both the design and tuning of the reference 
model can be critical to controller performance and much of the controller design and 
development covered in this thesis is focused on this area. 
Generally the error between this reference value and the actual yaw rate is fed to a 
feedback controller to calculate the yaw moment demand. However, in the case of Matsuo 
(1993) the error is also modified such that, 
r, = r(r,. - r) (1.2) 
Multiplying the error by r has two functions. Firstly, it removes the sensitivity to changes in 
sign for left and right turns. Secondly, r, is now proportional to the absolute value of the 
actual yaw rate so that the torque transfer demand will increase with the severity of the 
manoeuvre being attempted. 
Yaw rate control is generally considered to be more suitable for sub-limit vehicle handling 
control. It is therefore very popular for use with active front or active rear steering systems 
since these actuators are very effective in this region [Asano 1998, Selby, 2001, 
Mokhaimar, 2002a and 2002b, He, 20041. Yaw rate control is fitting for such systems 
because target vehicle behaviour can be defined intuitively and conveniently through the 
reference yaw rate. 
For stability control purposes yaw rate control requires further modification to be effective. 
In such an application the comparison of the actual yaw rate with the reference has to 
provide an accurate indication of whether the vehicle is oversteering. In order for this to be 
achieved, the reference yaw rate needs to accurately indicate the limit of adhesion. It is 
therefore necessary for the reference yaw rate to be limited to the maximum value that can 
physically be achieved (in the steady state) given the vehicle's speed and the road surface 
coefficient of friction [van Zanten, 1995 and 20001. If it is not restricted, attempting to track 
the reference yaw rate will result in the generation of large sideslip angles [Abe 1999,2000 
and 2001] and potentially loss of stability. For the practical application of a yaw rate 
controller, some form of p estimation is therefore required for it to be effective in the stability 
region. For the on vehicle controller application discussed later in the thesis (Section 7 
onwards), a solution to this problem is a major focus of development. 
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The advantage of yaw moment control through vehicle sideslip angle is that it is less reliant 
on knowledge of surface friction because by limiting the sideslip angle, the vehicle's yaw 
rate is automatically restricted according to the surface conditions [Abe, 1999]. However, 
although it may remove the need for pt estimation, sideslip angle itself cannot be measured 
using the sensors currently available for mass production [Abe, 2001] and therefore needs 
to be estimated. In this context it is worth noting that in a stability control system widely 
implemented on production road vehicles, Bosch Electronic Stability Program (ESP) [van 
Zanten, 20001, sideslip angle control is augmented with yaw rate control because the 
sideslip angle estimate is'not always reliable'. 
The sideslip angle target for control can be generated either from a reference vehicle model 
or from the phase plane method [Inagaki, 1994]. The latter approach, used for the TVD 
control system described by He (2004), defines a reference stable region for sideslip angle 
and its angular velocity, working on the principle that vehicle stability is threatened when 
the sideslip angle becomes large and its derivative has the same sign. The distance from 
the stable region is used as the error for the controller. 
1.4.4 System Integration 
The addition of an active differential is likely to create conflicts with other control systems 
on the vehicle. Due to its widespread fitment on production vehicles, the brake control 
system, which can include both anti-lock braking (ABS) and stability control functionality 
must, at the very 
least, be able to 
function alongside 
200 
. i-- 
3: 
With AYC + ASO 
I With ASC only I 
an active differential 
system without 
conflict. This area is 
therefore explored in 
detail for the on 
vehicle application 
-200 
Time(s) 
Without control 
Figure 1.14: Double lane change steering input showing influence of combining 
A YC with brake based stability control (ASC) [Sawase, 19991 
described later in the thesis (Section 7 onwards). Approaches for integration with the 
brakes system are also given significant attention in the literature. According to Sasaki 
(1995b), the 'vast majority' of systems simply revert to an open state when ABS is 
operative and this solution has continued to be promoted in more recent publications such 
as Kinsey (2004), Park (2004) and Hutchkoetter (2004). Indeed, in all three cases, the 
ability of an active differential to disengage during ABS and ESP events is cited as one of 
the principal advantages of active devices over passive LSDs. However the rationale 
behind this approach is not explained. Clearly there are some circumstances where an 
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ALSID or TVID could conflict with ABS, for example under split p braking. In other 
circumstances though, such as when the differential is improving stability during an 
oversteer event, the two systems appear to have the potential to complement each other. 
Sawase (1999) provides a relatively rare insight into this potential. Here, reduced driver 
workload in a double lane change manoeuvre is shown when an AYC system employing a 
TVID operates simultaneously with a brakes based stability control system (referred to as 
ASC in this case) compared to when ASC operates alone (Figure 1.14). Exact details of 
how the controllers for the two systems are integrated are not given, although it is stated 
that the AYC operates in isolation below the limits of adhesion because it has the ability to 
apply control without slowing the vehicle down. However, once the limit is exceeded, the 
two systems operate simultaneously with AYC generally given priority when combating 
understeer, whilst ASC is given priority whilst combating oversteer. 
Integration of active driveline devices with other active chassis systems is considered in He 
(2004) and Cooper (2005). In Cooper (2005), a twin coupling device is integrated with an 
active roll control system that is able to vary the roll moment distribution (RIVID) of the 
vehicle whilst in He (2004), a TVID is integrated with active front and rear steering. In both 
cases a similar approach is taken to that intimated in Sawase (1999), where stand alone 
controllers are designed for each actuator and then a pragmatic integration strategy has 
been employed to synchronise the systems. For example, in Cooper (2005), a yaw rate 
based 'driveability' controller is designed for the twin coupling and a sideslip based stability 
controller is used for the RMID system. The vehicle's sideslip angle is then used to arbitrate 
between the two controllers, with the twin coupling given priority at low sideslip angles and 
the RIVID system given priority at higher sideslip angles. 
It is possible that further benefits may be obtained, particularly as the number of control 
systems multiply, through the use of a fully centralised global chassis controller that 
produces generic outputs which are then distributed to the various actuators through a 
coordination strategy. An example of this approach can be found in Manning (2002). 
However, it should be noted, that whilst such approaches may offer the maximum 
functional benefit and make the most efficient use of the actuators available, issues such as 
openness of proprietary control algorithms and the 'time and economic constraints of the 
modem automotive industry' may limit their application for the foreseeable future [Gordon, 
2003]. 
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1.5 Summary 
In this section the concept of using active differentials for vehicle handling control has been 
introduced. A review of published literature in this area has been undertaken and has 
revealed the following, 
There are two main types of active differential, the ALSID, which is able to control 
magnitude of torque transfer only and the TVD, which is able to control both 
magnitude and direction of torque transfer. 
The majority of the published literature on the application of active differentials 
focuses on ALSDs and the way in which they can be used to emulate the traction 
benefits of passive LSDs whilst eliminating the disadvantages. 
Some work has been published on the application of TVDs for active yaw moment 
control and this indicates that they can have a significant impact on vehicle 
handling characteristics both at and below the limits of adhesion. 
0 Active yaw control systems tend to be based on either yaw rate or sideslip control 
or both. 
Attempts to integrate active differential control systems with brake based stability 
control generally involve opening the differential whenever the brake based system 
becomes active. 
Following the background work carried out in this section, the investigation into vehicle 
handling control using active differentials is carried out in five main phases that are closely 
linked to the five objectives described in Section 1.1. The structure of the remainder of the 
thesis reflects this and a brief overview is given below. 
0 Demonstration of how vehicle handling characteristics may be modified by an active 
differential (Sections 3- 4): 
Initially the focus is on what it is possible to achieve with a controlled differential, free 
of the restrictions of current technology. A yaw moment control algorithm is therefore 
developed assuming ideal conditions (unlimited control over torque transfer, 
instantaneous response and unlimited access to vehicle parameters) and its 
performance is analysed in the simulation environment over a range of manoeuvres. 
Assessment of contemporary active differential hardware (Section 5): 
In order to assess the impact of current technology on the performance witnessed with 
an 'ideal' differential, models of both the ALSID and TVID are developed. Their 
performance is then analysed in the simulation environment using the yaw moment 
controller developed above. 
0 Comparison with a brake based yaw moment control system (Section 6): 
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A brake based yaw moment controller is developed using the same methodology as 
used for the active differential and the relative performance and efficiency of the two 
systems is compared. 
Development of an ALSD controller for application on a real vehicle (Sections 7- 9): 
An ALSD yaw moment controller is developed for practical application to a real 
vehicle. Whilst this controller builds upon the experience gained during the 
development of the ideal differential controller in Sections 2-4, it also has to account 
for such factors as actuator response times (not considered in Section 5), avoidance 
of false intervention and ease of tuning. The final controller is tuned and evaluated in 
the simulation environment (allowing its performance to be compared with that of the 
'perfect'ALSD of Section 5) before application to the real vehicle. 
On vehicle validation (Sections 10 - 11): 
Finally, the results obtained in the simulation environment are validated in a real 
vehicle. The validation is carried out on both high and low-p surfaces and the 
interaction of the ALSID control system with a commercial brake based stability control 
system is also assessed. 
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2 Vehicle Simulation Model and Validation 
The two principal tools used to meet the objectives specified in Section 1.1 are a ten 
degree of freedom (10DOF) simulation model and a prototype vehicle. Each is described 
in this Section. 
2.1 Ten Deqree of Freedom Vehicle Model 
A 10DOF full vehicle model written in Matlab/Simulink is used to produce all simulation 
results in this thesis (unless otherwise stated). The main features and assumptions of the 
model are detailed below: 
" Six body degrees of freedom and four wheel rotational degrees of freedom 
" Non-linear tyres - utilises the Magic Formula Tyre Model [Pacejka, 1997] 
" Rotational tyre dynamics neglected 
" Lateral tyre relaxation represented as first order lag 
" Longitudinal and lateral weight transfer included 
" Unsprung mass neglected 
" Steering, driveline and suspension systems assumed to be rigid body 
The model is described in detail in the following sub-sections. 
2.1.1 Sign Convention 
The sign convention and wheel/comer numbering system used for the 10DOF model and 
for all results contained in this thesis is shown in Figure 2.1. Note also that a positive 
steering angle indicates that the vehicle is being steered to the left. 
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2.1.2 Structure 
The structure of the 10DOF model is shown in Figure 2.2. The main subsystems, driver, 
powerplant, transmission, driveline, chassis, steering and brakes are described in the 
following sections. 
2.1.3 Driver Model 
The driver subsystem produces the four driver inputs, steering wheel angle, throttle 
position, brake pedal position and gear selection. All four inputs can be set by the user, 
allowing the vehicle to be exercised with open loop inputs. However, in the analysis of the 
vehicle model's behaviour, it is often beneficial to simulate control of the vehicle trajectory. 
To this end, a steering controller developed by the author was employed. This was 
designed as a tracking model (rather than as a model of a physical driver) and can control 
the steering of the vehicle to follow any predefined trajectory precisely (providing physics 
allow). 
target 
1. 
preview 
y 
demanded trajectory 
x 
Figure 2.3: Concept of path following model operation 
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The demanded trajectory is defined as a series of points on an x-y plot (Figure 2.3). The 
model operates by targeting one of these points and calculating the yaw angle required to 
head towards it. The difference between this required yaw angle and actual yaw angle, the 
'yaw error' is then fed into a PID controller (tuned by hand) to generate a steer input. The 
target point is updated at each time step and the process repeated. 
The target point selected is that which is closest to a predefined distance ahead of the 
vehicle (Figure 2.3). This distance is called the preview and varies according to the 
vehicle's speed. The preview distance is measured in the vehicle's local x-axis, so that in 
addition to (global) position and speed, the model also accounts for the vehicle's yaw angle 
when selecting the most appropriate point to target. The inclusion of variable preview also 
adds an element of human behaviour to the model. 
In addition to control of trajectory, it is also beneficial to control the vehicle speed in some 
scenarios. A speed controller is therefore also available to generate the throttle input. This 
is simply a PID controller which operates on the error between target and actual vehicle 
speed. 
2.1.4 Powerplant Model 
The powerplant model utilises a look up table to calculate the torque produced for a given 
engine speed (supplied by the transmission model) and throttle input (supplied by the driver 
model). 
2.1.5 Transmission Model 
The transmission elements are modelled as rigid bodies so that the model serves simply to 
multiply torques and speeds by the appropriate ratios. A clutch model is not included so 
the transmission torque is therefore obtained from the engine torque using, 
T =n T I G, e 
(2.1) 
Similarly, the engine acceleration is obtained from the transmission acceleration calculated 
by the driveline model using, 
a, =nG, a, (2.2) 
ozý-Il 
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2.1.6 Driveline Model 
The driveline is modelled on a RWD vehicle and, like the transmission model, is rigid body. 
It therefore serves simply to multiply and apportion the torque supplied by the transmission 
model to the rear wheels. The total input torque supplied to the rear axle (at the differential 
crown wheel) is given by, 
The left and right driveshaft torques 
supplied are then given by, 
T, = -L' - AT (2.4) 2 
ýcl 
T, ='+ Al' (2.5) 2 
Where the active differential torque 
transfer, AT, is either calculated 
directly by the yaw moment controller 
being employed or is produced by one 
of the differential models described in 
7i = 7, N,, 
2 
(2.3) 
+ AT 
Figure 2.4: The yaw moment generated by 
torque transfer 
Section 5. Using the sign convention of 
Equations 2.4 and 2.5, a positive torque transfer will thus always yield a positive yaw 
moment whilst a negative torque transfer will thus yield a negative yaw moment (Figure 
2.4). 
Finally, the transmission acceleration is obtained using the wheel accelerations supplied by 
the chassis model as follows, 
aa = 
±a-(a3+a4) 
2 
2.1.7 Chassis Model 
(2.6) 
The chassis model includes all six body degrees of freedom (longitudinal, lateral, heave, 
yaw, pitch and roll motion) and a rotational degree of freedom for each wheel. Vertical 
wheel dynamics are neglected (there is no unsprung mass). 
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The structure of the model is shown in Figure 2.5. It has three main inputs from external 
subsystems, rack displacement (from the steering subsystem), braking torque (from the 
brakes subsystem) and driving torque (from the driveline subsystem). The vehicle 
dynamics are calculated in the 'state space' subsystem which is supplied with tyre forces 
from the 'Tyre Model' subsystem. The tyre model in turn is supplied with lateral and 
longitudinal slip and normal load from their respective subsystems. Each subsystem is 
described in detail in the following subsections. 
State Space Subsystem 
The state space subsystem calculates the vehicle dynamics in state space form. A state 
space model is formed from the equations of motion for each body degree of freedom. 
These are as follows, 
1) Longitudinal motion: 
AJ(Ü - Vr) = F + Iý + F + F (2.7) 
2) Lateral motion: 
If (ý + Ur) = Fy, + Fy, + Fy, + Fy, (2.8) 
3) Heave motion: 
MW = F, + F, + F, + F, (2.9) 123 ý4 
ozýý, 
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4) Roll motion: 
(2.10) 
All 1ý r+ Mg4 0- (hf - h,, )Fý, - (h,. - h,, )I, ' + 112 + F., 1/2 (F, + 11' Yf Yr 
5) Pitch motion: 
,)+ +1", 
) (2.11) + F', + F, + F, )hO - b(F +F x ZI Z2 - 
6) Yaw motion: 
bFyf - dý,, 
tt Fý,, +t Fý,, +tF, 
ý 2222 
These equations are implemented in state space form as follows, 
M, ý = A'X + B'u 
where, 
X=l 
and, 
M=l 
11 
v 
IV 
p 
q 
r 
0 
0 
and U=j 
m 0 0 0 
0 m 0 0 
0 0 m 0 
0 mhl 0 lxx - d. = 
0 0 0 0 
0 0 0 I= - EI. M 
0 0 0 0 
0 0 0 0 
1,1x7 
FlýI 
I"X4 
F 
Yf 
11-Y, 
F 
z2 
0 0 0 0 
0 0 0 0 
0 0 0 
0 0 
0 0 
0 0 
1 0 
0 1 
(2.12) 
(2.13) 
(2.14) 
(2.15) 
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(2.16) 
1 
The influences of the external forces, gravity and aerodynamic drag, are added as external 
accelerations. In the case of gravity, the following vector is added to ý, 
[0 0 -g 0000 ol 
and similarly the following vector is added for aerodynamic drag, 
0000000 0] 
where, 
adrag "": Y2 CDpA U' 
00 Longitudinal Slip Subsystem 
(2.18) 
(2.19) 
(2.20) 
The calculation of longitudinal slip first requires calculation of wheel speed. The equation 
of motion for each wheel is, 
1,, o),, = TDý - F., ý 
R, (2.21) 
The longitudinal slip can then be calculated from, 
02ý1ý 
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where U,, is the forward velocity of the vehicle body at comer n (see Figure 2.1 for 
numbering system). This is calculated from, 
U" =U+ - 
]"r 
(2.23) 
[2 
-2 -2 2 
ON Lateral Slip Subsystem 
The lateral slip subsystem calculates the road wheel angles and the lateral slip of the tyres. 
The road wheel angles are obtained using a non-linear function which accounts for the 
influence of Ackermann geometry. The result of this function is then further modified by the 
addition of static toe angles and toe change due to suspension deflection, 
, 3,, = fn(L,,.,, 4, )+9, ý 
+ k.., (z,, - z,,, ) (2.24) 
Having obtained the road wheel angles, it is then possible to obtain the longitudinal and 
lateral velocities of each tyre in tyre fixed coordinates, 
1 --ý (/',, COS'5n + P'n sin, 5,, (2.25) jm " 
V,,, = U,, sin, 5,, - V,, cosJ,, (2.26) 
where U,, is obtained from Equation 2.23 and, 
V,, =V+[b b -c -cl 
Tr (2.27) 
The front and rear slip angles can then calculated from, 
a, = atan 
Vln 
(2.28) 
I/ 
tn 
+ ((Ty)s 
where av is the lateral relaxation length of the tyre. The effect of lateral relaxation is to 
delay the force build up in the tyre, allowing it to be represented as a simple first order lag 
[Clover, 1998] in the slip calculation as in Equation 2.28. 
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Tyre Loads Subsystem 
In order to calculate the comer loads it is first necessary to calculate the suspension 
deflection and rate of deflection (positive expanding). These quantities may be obtained 
from, 
[mrf 
njrf mr, 
and, 
lmrf mrf mrr 
i -b 2 
I _! _hW 
mi; 2 
1:; - Co 
t 
I -- C 
mrr 
The normal comer loads can then be obtained from, 
(2.29) 
(2.30) 
b Fý, 
1 -k, 1 -krf 
krf 00 ztl 000Z 
F, k -k,., -k 00Z0- h', 0o4 ý= rf - ýf t2 +ý 
12 
F 00 -k -k, k, Z00 -b 0i s3 f, s-3 13 
F 0 k - 
k, 
4 - k 000 -bs4 
(2.31) 
Note that the damping coefficients are implemented as non-linear functions of suspension 
velocity. 
(V) Tyre Model Subsystem 
The tyre model subsystem utilises the Magic Formula Tyre Model [Pacejka, 1997]. Of the 
four inputs, longitudinal slip, lateral slip and tyre load are calculated in the subsystems 
described in the previous three sub-sections and require only conversion to the correct 
units and sign convention. In the case of normal load, saturation is also required to prevent 
inputs of ON. 
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The remaining input, camber angle is calculated in the tyre model subsystem itself using 
static camber and roll angle. For the left hand wheels it is therefore given by, 
7. = -Y, - (2.32) 
and for the right hand wheels, 
(2.33) 
Once supplied with these four inputs, the Magic Formula outputs longitudinal force, lateral 
force and aligning moment. These forces and moments can be scaled according to the 
road / tyre coefficient of friction set in the environment subsystem. 
For use in the state space subsystem these tyre forces need to be resolved into vehicle 
u 
Figure 2.6: Tyre Coordinate Transformation 
coordinates. From Figure 2.6, it can be 
seen that the longitudinal vehicle forces 
will be given by, 
Fx,, cos (5ý - Fy,, sin (2.34) Xý 
and similarly for the lateral forces, 
F31ý =F sin 45 +F cos 45 (2.35) x/. nAn 
The lateral force produced by the 
Magic Formula Tyre Model can have 
an offset which allows the tyre to 
produce a small amount of force with 
zero slip angle (conicity). To account 
for the fact that this force will be in opposing directions on each side of the vehicle, the sign 
of the lateral slip (and camber) input to the left hand wheels is reversed along with the 
corresponding lateral force and aligning moment outputs. 
2.1.8 Steefing Model 
The steering system is represented by a rigid body model and therefore simply converts the 
driver's steering wheel input into a rack displacement using a non-linear function. 
PhD Thesis 33 )AGUAR 
Vehicle Handling Control using Active Differentials u borough %; Uni mity 
2.1.9 Brakes Model 
A brakes model is not employed. The brake torque request from the driver model is 
therefore simply proportioned between the front and rear wheels using a fixed ratio. 
2.2 Prototype Vehicle 
Two prototype vehicles are used during the course of this investigation: 
1) RWD Saloon - Jaguar S-type 
This vehicle is used to validate the simulation results and, unless otherwise stated, is used 
to generate all the on-vehicle results that are presented in the thesis (in Sections 2,7,10 
and 11). The vehicle is fitted with an active differential (an ALSID) further details of which 
are given in Section 7. Data for the vehicle is provided in Appendix A. 
2) SUV - Range Rover Sport 
This vehicle is AWD with open front and centre differentials but with the same active rear 
differential as fitted to the saloon. It is used only to illustrate the applicability of the on- 
vehicle results to other types of vehicle in Section 10. Data for the vehicle is also included 
in Appendix A, but this is not used in the simulation model at any point. 
2.3 Model Validation 
The 10DOF model was parameterised with the saloon vehicle data in Appendix A and its 
performance was compared with that of the real vehicle in both steady state and transient 
conditions. The results are described in the following sections. 
2.3.1 Steady State Perfonnance 
The steady state characteristics of both the vehicle and the simulation model can be 
obtained from a constant radius test. Here the vehicle is driven around a constant 30m 
radius circle at a slowly increasing speed (circa 0.1 M/S2) until the limit of the vehicle is 
reached. The resulting understeer gradient for the vehicle and the 1 ODOF Model is shown 
in Figure 2.7. Also included in the figure is the ADAMS model result for the type of vehicle 
under test. As can be observed from the figure, with standard tyre data the 10DOF model 
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does not exhibit the same level of understeer as either the ADAMS model or the real 
vehicle, a fact that is also confirmed by Table 2.1. It may also be observed that, with this 
tyre data, although the 10DOF model exhibits a comparable limit lateral acceleration, it is 
significantly more linear up to the limit. 
10DOF IODOF 
Understeer Budget Real 
ADAMS (Standard Tyre (Retuned Tyre 
(0/g) Vehicle 
Data) Data) 
Tyres - 0.67 0.35 1.39 
Suspension 
- 0.27 - - Compliance 
Roll Steer - 0.35 0.44 0.44 
Steering Compliance - 0.08 - 
Total 1.8 1.43 0.79 1.83 
3.2 
3 
2.8 
,a 
2.6 
2.4 
l', c 
i : 22 
0 
2 
1.8 
1.6' 
1, -L -L 'L 23467 
Lateral Acceleration (nVs 2) 
Figure 2.7: Measured and simulated understeer gradient from 30m constant radius test. IODOF 
model result obtained with standard tyre data. 
As can be observed form the understeer budget of the ADAMS model (Table 2.1), much of 
the understeer in the vehicle comes from the compliance in the suspension and steering 
system. Since neither of these are represented in the 10DOF model, the tyre data was 
retuned in order to account for their effect. This was achieved by scaling the appropriate 
coefficient in the tyre data to apply a 15% decrease in the front cornering stiffness and a 
15% increase in the rear cornering stiffness. As can be observed from Table 2.1 this has 
the desired effect of increasing the total understeer gradient to a value that matches that of 
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the real vehicle. It has also decreased the linearity of the full understeer gradient to a level 
that matches the real vehicle (Figure 2.7). 
Note that the ADAMS model result in Table 2.1 is taken from a standard Jaguar S-type 
whilst the real vehicle result is measured on the actual prototype vehicle. The ADAMS 
model does not therefore match the real vehicle exactly due to vehicle to vehicle variation 
and due to the fact that the weight distribution of the prototype has been modified due to 
the fitment of the active differential. The purpose of including the ADAMS result here is 
simply to illustrate that suspension and steering compliance have a significant impact upon 
the vehicle's understeer gradient. 
The roll gradient of the 10DOF model is 4.910/g. This correlates closely with the 4.80/g 
measured on the vehicle. 
2.3.2 Transient Performance 
A vehicle's transient performance can be characterised by its frequency response. In the 
case of the real vehicle this is obtained whilst driving at a constant speed and applying a 
200 amplitude sinusoidal steering input at steadily increasing frequency (up to around 3Hz). 
In the case of the model it is obtained by applying a half sine wave steering input of 200 
amplitude and period 0.6s whilst the vehicle is travelling at constant speed. 
60 
0,60 ------------------- I --------------- - ----------------- V! -------------------------------- : 
40 -------------------------------------------- I 
--------- ------- 
It 
30 .... ................. -------------------------- 
201 
Frequency (Hz) 
S 
0 
-20 -------------- ------------------ ---------- 
40 ---------------------------------- ---------- I --------- I 
Vehlcle 
. 60 - ADAMS Model 10DOF Model (Standard Tyres) 
. 80 - 10DOF Model (Retuned Tyres) 
IODOF Model (Retuned Tyres and Relaxi 
fw% 
--------------- - ------ ........... 
- ----- ----- ------ - ----------------- ---- - I%ow 
Frequency (HZ) 1 
Figure 2.8: Measured and simulated yaw rate frequency response at 120kph. 
PhD Thesis 36 JAGUAR 
-- Loughborough Vehicle Handling Control using Active Differentials %; Uniwmity 
The yaw rate frequency response for both the vehicle and the 10DOF model are shown in 
Figure 2.8. This figure clearly shows that with the standard tyre data the 10DOF model 
correlates poorly with the real vehicle but also that the correlation improves markedly with 
the application of the retuned tyre data developed in the previous section. Despite this 
improvement, there is still a significant discrepancy in the resonant frequency (I. OHz for the 
model compared with 1.401-lz for the vehicle). This discrepancy is reduced further by 
increasing the lateral relaxation length of the tyres from 0.3 to 0.5m, resulting in a resonant 
frequency of 1.101-lz (this also has the effect of improving the correlation in the peak 
magnitude). Further improvements would be possible through additional scaling of the tyre 
cornering stiffness but this then results in degradation of the steady state correlation. 
2.3.3 Summary 
It has been shown that the 10DOF model matches the real vehicle very closely in the 
steady state (throughout its operating range). The analysis of its transient response 
has also shown that, whilst this appears to be appropriately damped, there is some 
discrepancy in damped natural frequency. However, for the forthcoming analysis it is 
only important that the vehicle and model are as closely matched as they reasonably 
can be. The main impact of any discrepancies is likely to be in the controller tuning 
for the on vehicle application (Section 10) but it is inevitable that some retuning will 
be required for a real system in any case. 
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3 Yaw Moment Control Algorithm Development 
The focus of the opening part of this investigation is to analyse the ultimate potential of an 
active differential to modify the handling behaviour of a vehicle. At this stage the limitations 
imposed by real actuators are therefore ignored and an idealised representation of an 
active differential is employed. This ideal differential allows completely unrestricted control 
(in terms of both magnitude and polarity) over the torque transfer (AT) applied through the 
driveline model of Section 2.1.6. 
The analysis of the potential of such a differential to modify handling behaviour is carried 
out by assessing its ability to generate a range of target vehicle characteristics. In order to 
facilitate this assessment, a suitable control algorithm is therefore required that allows the 
definition of such target behaviours. Given the planned comparison of the ideal 
performance with various types of real differential and with a brake based system, it is also 
important that the controller is sufficiently generic to be applied to a range of actuators. 
The opening parts of this section (Sections 3.1 - 3.3) describe the development of a 
controller designed to meet these requirements. 
Having described its design, the controller is then tested in a range of driving scenarios 
(Sections 3.4 - 3.6). This allows the controllers performance to be verified and an initial 
assessment to be made of the performance of an idealised active differential. 
Note that all controller development in this thesis is carried out in Matlab/Simulink. 
ozýý, 
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3.1 Desiqn Structure 
It was considered essential that the yaw moment controller be designed using a formal 
methodology, particularly in the light of the planned comparison with a brake based 
actuation system. Such an approach is intended to ensure that a meaningful evaluation of 
the abilities of the actuator (and not the controller) can be made. To this end, linear optimal 
control theory is used. 
The use of linear control theory does have limitations, as the plant is highly non-linear. 
However, it can be said that the non-linearities exhibited by a vehicle are largely 
undesirable and optimal characteristics can be defined with a linear model. The approach 
used here is therefore based on the methodology developed for a rear wheel steer control 
system by Komatsu (2000). Here, a linear quadratic regulator (LQR) is applied to the non- 
linear vehicle model using a reference model controller. The controller is designed and 
applied at two different levels as illustrated in Figure 3.1. The reference model is controlled 
by the primary feedback which is designed using cost functions which describe the 
vehicle's desired performance. If the reference model matches the non-linear vehicle 
model accurately, the torque transfer required to minimise these cost functions for the 
reference model will also be an accurate estimate of the torque transfer required to 
minimise them for the vehicle model. Hence the primary feedback's output is also applied 
as a dynamic feedforward to the vehicle model. However due to the non-linearities in the 
vehicle, some divergence from the reference model will occur, particulady at high lateral 
accelerations. To account for this a secondary feedback (also designed using linear 
optimal control theory) is applied to minimise the error's between the vehicle and the 
reference model. 
c 
Figure 3.1: Yaw Moment Controller Structure 
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3.2 The Pdmary Feedback Desiqn 
3.2.1 Introduction to LQR 
As indicated above, both the primary and secondary feedback loops of the yaw moment 
controller are designed using linear quadratic regulation. For a state space system of the 
form, 
X =AX +Bu 
an LQR cost function takes the general form: 
(3.1) 
j= 
f(X7')X 
+UT c Ruýl (3.2) 
The gain matrix, K, in the state feedback law, 
u=KX (3.3) 
is calculated such that the cost function is minimized by solving the Riccati equation below, 
Q+PA +A Tp_ PBR-'H TP =0 (3.4) 
Having obtained P from Equation 3.4, the optimal gain matrix is calculated from, 
K=-R-IB Tp (3.5) 
This can then be substituted back into Equation 3.1 to obtain the control input. 
3.2.2 The Reference Model 
The reference model is a two degree of freedom linear bicycle model. The degrees of 
freedom are yaw and sideslip velocity and the sign convention used for each is identical to 
that used for the IODOF model (Section 2.1, Figure 2.1). The equation of motion for the 
lateral dynamics is: 
hyf + Iyr =M(ý +tir) (3.6) 
A limited slip differential creates unequal left and right longitudinal forces and so the 
equation of motion for yaw rotation is: 
tt i= bI, 'Yf - cFy,, + Fý,, --F (3.7) 22 xr 
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By assuming linear tyres it is then possible to express the lateral and longitudinal forces as 
follows: 
c 
(, 
5 _V+ 
br) 
(3.8) 
u 
af 
V+ cr) c (3.9) 
U 
a, 
AT Fli = -L +- (3.10) Rr Rr 
AT 
F (3.11) 
R, Rr 
It should be noted that, by assuming linear tyres, these expressions not only ignore the fact 
that tyre forces have a finite limit but also that a coupling exists between the longitudinal 
and lateral elements. It is therefore assumed that the possibility that a yaw moment 
generated by the differential may be counteracted by the loss in lateral tyre force as a result 
of the increase in longitudinal forces can be ignored here. This assumption largely remains 
valid if the longitudinal slip of the tyres remains below the saturation region (likely to be 
case provided that the vehicle is not in a traction event). The impact of this assumption 
during traction events is dealt with in Section 8.5 during the development of the practical 
ALSID controller. 
Substituting Equations 3.8 and 3.9 into 3.6 yields the following expression for the lateral 
dynamics: 
M(ý+Ur)=c 9- 
V+br 
+ C', 
V+ cr (3.12) 
Of 
(u) (- 
u) 
M(Jý + Ur) 
C4 -C, V+- 
bCaf + cC., 
r +C., 8 (3.13) uu 
Yv Y, 
M(ý +Ur)=YjV +Yrr+Y, 5i5 (3.14) 
Similarly, substitution Equations 3.8,3.9,3.10 and 3.11 into 3.7 yields the following for the 
yaw dynamir-s: 
IZZý = bC 5r 
5_V+br)_cC, 
(-V_+cr)+ I Li 
+AT _I 
Ti 
_AT UU2 rr rr 2 rr r,, 
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b 4, + C(l 
2C 
_ C2C C, ýbI J=ý ar 
)V+ 
ar r+ b(", f 
S+ 
rr 
AT (3.16) 
N6 
N, NAT 
1--i = Nl,, V + Nr + N, 545 + N, ýTAT (3.17) 
In state space form Equations 3.14 and 3.17 may be written as: 
or, 
Y/M Y/M --v- 
Y/ - 
NI N 
(I[ ]+[NNO 
[A Tj +M 1(51 (3.18) N 
.ý= 
AX + Hu + Giv (3.19) 
3.2.3 The Problem Posed by Regulation 
In minimising Equation 3.1, the regulator tends to drive all states to zero. This is clearly not 
acceptable in the case of the reference model described in the previous section, as the 
vehicle would simply be forced to drive in a straight line. The solution proposed by 
Komatsu (2000) to this problem was to modify the reference model used for controller 
design so that the demanded steer input, (5 is included as a state, 
00 (5 0 
y+0 [AT] (3.20) Y/ YIM 
lAlf 
-UV 
N 
Alf NAI 
Iz NY r Iz, 
-j 
xlz 
I,. L 
This allows cost functions to be designed so that minimisation will result in a desired steady 
state for any given S (since 5 can now be included as a term in the cost function itself). 
The states will still be driven to zero eventually but choosing a very slow first order dynamic 
for (5 ensures that this only occurs over a long time period. This is achieved by setting 6 
in Equation 3.20 to a small negative number (-1 x1 0-4 in this case). 
Note that this is not the standard LQR approach for tracking control. Typically the cost 
function would be designed to minimise the state which is to be controlled but then instead 
of applying the resulting control gain to that state, it is applied to the error between the state 
and the target value. The reason this alternative approach was used in Komatsu (2000) 
was to allow the system to be extended so that steer rate was included, and hence could 
be costed in the controller. 
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Equation 3.20 is used only for controller design and therefore the generation of the gain 
matrix. During operation in the vehicle model, the reference model reverts to the form of 
Equation 3.18 and thus this representation of driver behaviour is removed and replaced by 
the known steering input. 
3.2.4 Cost Function Design 
The primary feedback is designed using two distinct cost functions to form Equation 3.2. 
The first attempts to generate a vehicle with what Komatsu (2000) describes as good 
'controllability'. This is interpreted as a linear relationship between yaw rate and lateral 
acceleration with respect to forward speed. From Equation 3.6, this clearly requires that 
vehicle sideslip acceleration be minimised and the 'sideslip acceleration cost' thus takes 
the form, 
f (ay 
_ (jr)2 di (3.21) 
Since sideslip acceleration is a transient phenomenon, application of the sideslip 
acceleration cost in isolation will result in the modification of the vehicle's transient 
characteristics only. A second cost function component is therefore required so that the 
vehicle's desired steady state characteristics can also be specified. The cost is derived by 
utilising the definition of steady state yaw rate gain, 
U2 
(3.22) 
+ 
K,, 
9 
For the vehicle to exhibit the desired understeer gradient, K,, Equation 3.22 must be 
satisfied. The cost function may therefore be written as, 
)2 
1+ , 
J2 
2 t5 di (3.23) 
4ýu 
u 
9 
Initially a neutral steer response will be targeted (K, = 0). In reality any Ku could be 
chosen as a target and various values are considered later in the investigation to 
understand the limits of what can be achieved with an active differential. However, initially 
K. =0 is a convenient choice as it allows the cost function to be simplified to give the 
following 'neutral steer cost', 
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(12 
J2 f 
(r 
-I di (3.24) 
The two cost functions are combined to form an 'aggregate cost' using the weighting A, , 
-2, )f 
(ay 
- Urydf +Ar- 8) di +f, u 
2d, (3.25) 
f2 
U. 1 
R 
For application of LQR, cost functions must be written in the form of Equation 3.2 and the 
derivation of the Q and R matrices for the above cost is detailed in Appendix B. Note that 
since neither cost produces terms in the R matrix (see Appendix B), this is simply scaled to 
limit the input to an appropriate magnitude. The scaling factor u, is used for this purpose. 
The weighting value (A, ) can then be chosen to obtain a desired balance between the 
sideslip acceleration and neutral steer costs. Choice of weighting is discussed further in 
Section 3.6.2. 
The choice of cost function is clearly dependent upon the characteristics that are desired in 
the controlled vehicle and it is likely that other, equally appropriate costs could have been 
chosen here. However the aim of this thesis is not to specify how the 'ideal' vehicle should 
behave but, rather, how it can be made to behave through the use of an active differential. 
By generating two very conflicting requirements, (broadly speaking J, will tend to increase 
transient understeer J2 will tend to reduce it) the two costs chosen here provide ample 
scope for this to be achieved. 
3.2.5 Gain Generation and Application 
The optimal gain matrix of Equation 3.3 is obtained in practice using Matlab's 'Iqr` function. 
Here, the modified form of the reference model (Equation 3.20) and the aggregate cost 
function (Equation 3.25) are used to solve the Ricatti equation (Equation 3.4), hence 
allowing the optimal gain matrix, K, to be calculated. Note that, since the A matrix of 
Equation 3.20 is speed dependant, it is, in theory, necessary to recalculate K at every time 
step to account for changes in vehicle speed. However, in the interests of reduced 
processing time this is avoided in practice by calculating K over a range of speeds prior to 
running a simulation and storing the results in the form of a look-up table (which linearly 
interpolates between data points). 
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Having obtained K, the original form of the reference model (Equation 3.18) is then used 
to provide the reference states (V and r ), which, together with the actual steering input, 
(5, may be used to calculate the primary feedback torque transfer from, 
u=[K6 KI. Kj- V (3.26) 
r 
This torque transfer is then applied to the vehicle model as well as the reference model 
itself (as discussed in Section 3.1). 
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3.3 Secondary Feedback Desiqn 
3.3.1 Design 
The purpose of the secondary feedback controller is to minimise the error between 
reference and vehicle model performance. Errors will occur due to the extra complexity in 
the vehicle model (for example, additional degrees of freedom) and, more significantly, due 
to the fact that the vehicle model is non-linear. Application of linear optimal control theory 
requires models to be represented in (linear) state space form. Therefore, in order to allow 
the secondary feedback to also be designed using LQR, Matlab's 'linmod' function is 
employed to linearise the non-linear vehicle model. This allows the reference and vehicle 
models to be represented as a combined single linear system as shown in Figure 3.2. 
Performing 'linmod' again on this system thus yields its state space representation, which 
can then be used to design the secondary feedback controller. 
0 20OF SWul 
Steering 
Reference Model uvith 
Primary Feedback 
U 45ýý)-u 
)e : 0*, * Du 
1' v' 1 
C-DU olut 
v' 
Torque Transfer 10DOF Linmod 
(Secondary Feedback) Fo-ý-j 
Braidng Torque 
Figure 3.2: Combined Linear System 
Since the objective of the secondary feedback is to minimise the error between the 
reference and vehicle models, two cost functions are employed to minimise yaw rate and 
sideslip velocity error. This yields the following aggregate cost, 
Vv )2 d, f (r, 
2 
dt +u 
2d, 
(3.27) J 
(1 
- 'ý2 
)f (Vr 
+ A2 
f 
Um2 
R 
where the subscripts 'r' and 'v' represent the reference and vehicle models respectively. 
The derivation of the 0 and I? matrices for this cost are again shown in Appendix B. Note 
that once again since neither cost produces terms in the R matrix, this is simply scaled to 
limit the input to an appropriate magnitude. The choice of value for the weighting, A2, is 
discussed further in Sections 4.1 and 4.3. 
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3.3.2 Gain Generation 
As with the primary feedback, the optimal gain matrix for the secondary feedback is speed 
dependent. Once again the gains are thus calculated over a range of speeds and stored in 
the form of a look up table. It should be noted that the A matrix generated by 'linmod' is 
also dependent on the steering input and therefore it could be argued that the gains should 
also be steering angle dependent. However scrutiny of the gains generated with different 
steering inputs reveals that the effect is small, as indicated in Figure 3.3. Note that, since 
the cost function demands that the error between the reference and vehicle states be 
minimised, the gains shown in Figure 3.3 are largely equal and opposite. 
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Figure 3.3: Secondary feedback gains for a) yaw rate error and b) sideslip velocity error 
generated with 00 initial steering input and 500 initial steering input 
Having obtained values of K over the vehicle's operating range, the secondary feedback 
torque transfer is calculated from, 
V,, 
Krr Kj, K, Ko Kp (3.28) 
r 
0 
-P- 
Note that the roll gain K, is negligible in this case and can be disregarded. For example at 
25m/s it has a value of -3.5xlO-10. The roll velocity gain Kp is more significant, varying 
between approximately -250 and -350 across the vehicle's speed range, but this typically 
accounts for less than 5% of the secondary feedback torque transfer during transients 
(there is no impact on the steady state as roll velocity is zero). 
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3.4 Pdmary Feedback Performance 
Having explained the design of the yaw moment controller, the remainder of this section 
analyses its performance and the manner in which an ideal differential is able to satisfy its 
demands. The I ODOF vehicle model is therefore used to put the control system through a 
range of test scenarios covering transient and steady state behaviour both at and below the 
limit. 
In order to clarify the analysis of the controllers performance, the primary feedback will 
initially be considered performing in isolation on the 10DOF vehicle model. Three 
manoeuvres will be used to fulfil this task. First, simple sinusoidal and step steer tests in 
the linear region will be used to verify that the controller is working correctly. Secondly, a 
more challenging high speed cornering manoeuvre in the non-linear region will be used for 
a deeper analysis of the controller's behaviour. 
As described in Section 3.2.4, the primary feedback design is based on a combination of 
two cost functions and the effect of each cost will initially be considered through analysis of 
two extreme cases (neutral steer cost only and sideslip acceleration cost only). 
3.4.1 Primary Feedback Parameters 
The performance of the primary feedback can be influenced by only two parameters, the 
cost function weighting ýj and the input scaling, u., (Equation 3.25). As indicated above, 
the following analysis will only consider the effect of the sideslip acceleration and neutral 
steer costs operating in isolation. The weightings employed will thus be ýj =I for neutral 
steer cost only and A, =0 for sideslip acceleration cost only. Restricting the weightings to 
these values also provides the opportunity to assess the influence of the input scaling, um, - 
3.4.2 Sinusoidal Steer Test 
(i) Neutral Steer Cost Only (A, = I) 
The transient performance of the primary feedback with full neutral steer settings can be 
illustrated with a simple sinusoidal steer test. Here the vehicle is driven at a constant 
speed of 20m/s whilst a sinusoidal steering wheel input of frequency 0.51-lz and amplitude 
200 is applied. This amplitude was chosen to keep the vehicle in its linear region. 
Figure 3.4 shows the vehicle's behaviour during the manoeuvre. As may be observed from 
Figure 3.4a, the control input broadly follows the steering input. This is entirely consistent 
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with an attempt to reduce understeer since, with the sign convention outlined in Figure 2.4, 
a positive steering angle and positive torque transfer both yield a positive yaw moment. 
Generally, the sign of the torque transfer will thus follow the sign of the steering input when 
attempting to reduce understeer. The effect of this control input is to increase the yaw rate 
of the reference model so that near perfect neutral steer behaviour is obtained, as 
illustrated in Figure 3.4c. In addition the yaw rate of the vehicle model also follows the 
neutral steer target despite the absence of the secondary feedback. However this increase 
in yaw rate has coincided with an increase in sideslip acceleration for both the reference 
and vehicle models. 
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Figure 3A Passive and controlled vehicle behaviour during a 20mls, 20*, 0.5Hz sinusoidal 
steer test. Note that the traces thr the reference model are taken from the controlled case 
Primary feedback only applied with 21 =I and u., = 4000ONm 
Analysis of the actual values of the neutral steer and sideslip acceleration costs (Table 3.1) 
confirm the observations above. For the reference model, the neutral steer cost has been 
improved by some 99.9% by the primary feedback, whilst the sideslip acceleration cost is 
made 382% worse. 
Passive Controlled % Improvement 
Reference 
Sideslip Acceleration Cost 0.0282 0.136 -382 
Neutral Steer Cost 0.00254 3.55xl 0"6 99.9 
Vehicle 
Sideslip Acceleration Cost 0.0284 0.204 -618 
11 
Neutral Steer Cost 0.00197 
1 
6.86xl 0-ý' 96.5 
11 
ble 3- 1: Cos 1 t function values at the conclusion of a 20mls. 200.0.5Hz sinusoidal steer tesi 
Primary feedback only applied with ý=I and u., = 4000ONm 
The results shown here were generated with an input scaling of um, = 4000ONm. As may 
be observed from Table 3.2, the performance of the controller generally improves as the 
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allowable input increases. However this improvement becomes smaller as u .., 
increases 
and with the aforementioned 99.8% reduction in the neutral steer cost with u., = 4000ONm 
it is clear that very little additional input is required and thus further increases in the input 
scaling yield negligible benefit (between um, = 4000ONm and 8000ONm the neutral steer 
cost for the reference model only reduces from its passive value by a further 0.1 %). It 
should be noted that the input scaling is not equal to the magnitude of torque transfer that 
is applied (it is around a factor of 10 larger). For example, with u., = 4000ONm the actual 
input peaks at 460Nm during the sinusoidal steer test discussed above (Figure 3.4a). 
Reference Vehicle 
UMI Sideslip Acc. Cost Neutral Steer Cost Sideslip Acc. Cost Neutral Steer Cost 
10000 0.0848 2.26xl 0-4 0.116 1.21xlO'4 
20000 
80000 
0.124 
0.136 
2.01 x1 0-ý3 
1.29xl 0'6 
0.182 
0.205 
4.40xl 0-ý' 
7.39xl 0-5 
Table 3.2: Cost lunction values with vanous input scalings at the conclusion of a 20mls, 20U, 
0.5Hz sinusoidal steer test. Primary feedback only applied with A, -I 
(ii) Sideslip Acceleration Cost Only (, ý = 0) 
The performance of the primary feedback with A, =0 is illustrated with the same sine steer 
test as described in the previous section and the vehicle's behaviour is shown in Figure 3.5. 
As described in Section 3.2.4, if sideslip acceleration is eliminated, only the vehicle's yaw 
rate contributes to its lateral acceleration and this is normally indicated by the yaw rate and 
lateral acceleration being completely in phase. The simplest way to reduce sideslip 
acceleration is to prevent the vehicle from turning. As can be seen from Figure 3.5a, this is 
exactly what the controller attempts to do by applying torque transfer which generates a 
yaw moment that opposes the direction in which the vehicle is turning (the control input is 
broadly 1800 out of phase with the steering input). This results in a reduction in both lateral 
and sideslip acceleration (Figures 3.5b and 3.5d). Inevitably this reduction in lateral 
acceleration and also yaw rate (Figure 3.5c) produces an increase in understeer and 
therefore an increase in the neutral steer cost. 
The observations above are confirmed by analysis of the cost function values in Table 3.3 
where it may be observed that, in this manoeuvre, the controller is just as effective at 
improving the sideslip acceleration cost as it was at improving the neutral steer cost (Table 
3.1). As in the previous case the opposing cost is degraded as a result of this improvement 
(although not to the same extent as with ý= 1). This confirms the statement made in 
Section 3.2.4 that the two costs have conflicting requirements. 
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Figure 3.5: Passive and controlled vehicle behaviour during a 20mls, 20*, 0.5Hz sinusoidal 
steer test Note that the traces for the reference model are taken from the controlled case. 
Primary feedback only applied with ý, =0 and u .. I= 
8000ONm 
Passive Controlled % Improvement 
Reference 
Sideslip Acceleration Cost 0.0282 6.82xl 0-5 99.8 
Neutral Steer Cost 0.00254 0.00373 -46.9 
Vehicle 
Sideslip Acceleration Cost 0.0284 0.00116 95.9 
Neutral Steer Cost 0.00197 0.00319 -62.8 
I able . 3.3: Gost tunction values at the conclusion of a 20mls, 200,0.5Hz sinusoidal steer test. 
Primary feedback only applied with ý=0 and uI= 8000ONm 
The results shown here were generated with an input scaling of u., = 8000ONm. As with 
the neutral steer case, increasing the allowable input generally increases the effectiveness 
of the controller (Table 3.4). However once again this improvement becomes smaller as 
u., increases and above around u., = 8000ONm further increases in the input scaling yield 
negligible benefit (between u,,, = 8000ONm and 12000ONm the sideslip acceleration cost 
for the reference model only reduces from its passive value by a further 0.1 %). 
Reference Vehicle 
UMI Sideslip Acc. Cost 
- 
Neutral Steer Cost Sideslip Acc. Cost Neutral Steer Cost 
20000 8.00xlbý4 
-- 
0.00334 0.00212 0.00283 
40000 
- - 
2.55xlO:; F 0,00358 0.00143 0.00305 
80 000 
1[ 
6.82xl 0-*"' 0.00373 0.00=1 
- 
M 
120000 2.95xl O-b 0.00379 OAO 0108 108 0.00324 0.00% 
awe J. 4: (; ost runction values wan vanous input scalings at the conclusion of a 20m/s, 200, 
0.5Hz sinusoidal steer test. Primary feedback only applied with A, =0 
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3.4.3 Step Steer Test 
Having assessed the transient performance of the primary feedback, the steady state 
performance is analysed with a step steer test. Here the vehicle is driven at a constant 
speed of 20m/s whilst a step steering wheel input of 200 is applied. Note that to prevent 
unrealistically high rates of change of steering input, a first order lag with a time constant of 
50ms is applied to the step input. The primary feedback input scalings chosen for each 
case in the sine steer test will be used again here. 
Neutral Steer Cost Only (A, = 1) 
The performance of the primary feedback with full neutral steer settings is shown in Figure 
3.6. In this manoeuvre torque transfer is applied to the outside wheel, thus generating a 
yaw moment in the direction in which the vehicle is tuming and reducing understeer. The 
result is a yaw rate that is almost identical to the theoretical neutral steer yaw rate in the 
steady state (Figure 3.6a). 
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Figure 3.6. - Passive and controlled vehicle behaviour during a 20mls, 201, step steer test. Note 
that the traces fbr the reference model are taken from the controlled case. 
Primary feedback only applied with ý=I and u., = 4000ONm 
2 
Analysis of the vehicle and tyre slip angles during the manoeuvre reveals how the 
application of a positive yaw moment changes the handling balance of the vehicle. In the 
passive case it may be seen that the front slip angles are larger than the rear slip angles, 
showing that the vehicle is understeering (Figure 3.6c). In the controlled case, the positive 
yaw moment created by the application of torque transfer increases the vehicle sideslip 
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angle (as indicated by the increase in sideslip velocity, Figure 3.6b), which in turn increases 
the rear slip angles relative to the front. However despite the fact that the yaw rate (Figure 
3.6a) is apparently showing that neutrality has been achieved, they are still not exactly the 
same. The reason for this is that the steering angle at the front wheels is reduced from the 
hand wheel angle (which is used by the reference model) owing to the effects of roll steer. 
Hence neutrality has been achieved when assessed using the hand wheel angle but not 
when using the steering angle at the wheels. 
It should be noted that this increase in rear slip angle relative to the front also results in an 
increase in the rear lateral force relative to the front (Figure 3.6d), thus suggesting an 
increase (rather than reduction) in understeer since the yaw moment arising from the lateral 
tyre forces has been reduced. However this effect is cancelled out by the increase in yaw 
moment caused by the longitudinal forces generated by the torque transfer. 
Analysis of the cost function values (Table 3.5) confirms that the neutral steer cost has 
again been almost completely minimised. However, since the mechanism by which 
neutrality is achieved results in an increase in sideslip motion (see above), this 
minimisation is again at the expense of an increase in the sideslip acceleration cost. 
% Improvement 
Reference 
Sideslip Acceleration Cost -120 
Neutral Steer Cost 99.5 
Vehicle 
Sideslip Acceleration Cost -203 
Neutral Steer Cost T- 98.7 
Table 3.5: Cost function improvements at the conclusion of a 20m/s, 200 step steer test. 
Primaty feedback only applied with ý=I and u .. I= 
4000ONm 
(ii) Sideslip Acceleration Cost Only (A, = 0) 
The performance of the primary feedback in this manoeuvre with ý=0 (with the same 
input scaling that was used for the sine steer test) is shown in Figure 3.7. As the vehicle 
turns into the comer it may be seen that the controller applies negative torque transfer to 
generate an understeering yaw moment (Figure 3.7c). As in the sine steer test, this action 
succeeds in reducing the vehicle's sideslip acceleration (Figure 3.7d). However, it may be 
seen from Figure 3.7b that the controller is also preventing the yaw rate from reaching 
steady state (it is still increasing 4 seconds after the steering input is applied). To 
understand why, it is first necessary to consider the mechanism by which sideslip 
acceleration reduction is achieved and the influence this has on the vehicle's performance. 
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Figure 3-7., Passive and controlled vehicle behaviour during a 20mls, 20' step steer test Note 
that the traces for the reference model are taken from the controlled case. 
Primary feedback only applied with A, =0 and = 8000ONm 
The polarity of the sideslip angle generated by a vehicle whilst cornering in the steady state 
is both speed and lateral acceleration dependent [Gillespie, 1992]. At low speeds and low 
lateral accelerations (below 17m/s and 0.15g in the case of this manoeuvre), the sideslip 
angle is positive (the rear wheels track inboard of the front wheels). However, in order to 
comer at higher accelerations, it is necessary for the vehicle to generate a negative sideslip 
angle. This has the effect of increasing the rear slip angles to compensate for the fact that 
the rear wheels are not steered, thus enabling the rear tyres to produce sufficient lateral 
force to maintain stability. It is during the generation of this sideslip angle, before the 
vehicle reaches steady state, that sideslip acceleration is present. Therefore the only way 
sideslip acceleration can be eliminated through the application of a yaw moment is by 
preventing the vehicle from turning in the first instance. As illustrated in the sine steer test 
of the previous section, during transients the controller will thus apply torque transfer to 
generate a yaw moment that opposes the direction in which the vehicle is attempting to 
turn. If it were to succeed in eliminating sideslip acceleration completely it would not be 
possible for the vehicle to generate a sideslip angle and the vehicle would be forced to 
travel in a straight line. However, in reality, the controller only manages to reduce it, 
thereby slowing down the rate at which a sideslip angle may be produced and therefore 
delaying the realization of steady state (Figure 3.7b). 
Analysis of the cost function values (Table 3.6) confirms that the sideslip acceleration cost 
has again been almost completely minimised in the case of the reference model and vastly 
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reduced in the case of the vehicle. However, due to the resulting increase in understeer 
the neutral steer cost is again increased. 
% Improvement 
Reference 
Sideslip Acceleration Cost 99.8 
Neutral Steer Cost -81.0 
Vehicle 
Sideslip Acceleration Cost 74.3 
Neutral Steer Cost -72.4 
Table 3.6. - Cost function improvements at the conclusion of a 20mls, 200 step steer test. 
Primary feedback only applied with A, =0 and uI= 8000ONm 
3.4.4 High Speed Comering 
Having verified that the controller is behaving in a reasonable manner, its performance is 
now analysed under more challenging conditions. Here the vehicle is driven into a 185m 
radius turn at 38M/s, thus yielding a steady state lateral acceleration of approaching 0.8g. 
In this manoeuvre the steering controller described in Section 2.1.3 is employed to ensure 
the vehicle follows the 185m radius trajectory. Again, the steering controller used here is a 
tracking controller, it is not intended to fully emulate human behaviour. It should also be 
noted that its output has a tendency to include high frequency, low amplitude noise. Since 
steering angle is used in the calraulation of the primary feedback this then manifests itself as 
noise on the control input. However due to its high frequency the effect of this on the 
vehicle's performance is negligible. 
This test allows the performance of the primary feedback to be analysed under both 
transient and steady state conditions in the non-linear region. Once again the two extreme 
cases of neutral steer cost only and sideslip acceleration cost only will be considered. The 
primary feedback input scalings chosen for the two cases in Section 3.4.2 will also be 
(initially) used again here. 
(i) Neutral Steer Cost Only (, ý = 1) 
The performance of the pdmary feedback with full neutral steer settings is shown in Figure 
3.8. As the vehicle tums into the comer, torque is transferred to the outside wheel, thus 
generating a yaw moment in the direction in which the vehicle is turning and reducing 
understeer. The result is a vast reduction in the steedng wheel angle that is required to 
negotiate the tum (reduced from a steady state of 550 in the passive case to a steady state 
of 100, Figure 3.8a). However, the steady state yaw rate is significantly larger than the 
theoretical neutral steer yaw rate (Figure 3.8b), indicating that too much torque transfer has 
IPF--ý 
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been applied. This is due to the fact that the reference model no longer accurately 
represents the vehicle in the non-linear region and therefore causes the primary feedback 
to overestimate the yaw moment required. This result highlights the need for the 
secondary feedback. 
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Figure 3.8: Passive and controlled vehicle behaviour during a 40mls, 185m radius turn 
commencing at I second. Note that the traces for the reference model are taken from the 
controlled case. Primary feedback only applied with ij =I and u .. I= 
4000ONm 
(ii) Sideslip Acceleration Cost Only (A, = 0) 
The performance of the primary feedback in this manoeuvre with ý=0 is shown in Figure 
3.9. Initially the controller was applied with the same input scaling that was used for the 
sine steer test described in Section 3.4.2. However, it was found that this produced torque 
transfer levels that were unacceptably high and caused the vehicle to go unstable. There 
are two principal reasons for this as described below. 
As discussed in the previous sections minimising sideslip acceleration generally requires 
torque transfer to the inside wheel to generate understeer during transients. In the sine 
steer manoeuvre discussed in the previous section, the lateral acceleration peaked at only 
O. 1g and so the inside wheel was in a position to accept substantially more driving torque. 
However, this manoeuvre initially requires the vehicle to comer at over 0.9g and so the 
inside wheels become relatively lightly loaded. The inside rear tyre is thus easily saturated 
if too much torque is transferred to it, resulting in the need for a lower input scaling. 
The second reason for the requirement for a lower input scaling relates to the driver model. 
Even with an input scaling where the control input does not cause the inside wheel to spin, 
the vehicle is still unable to complete the manoeuvre. This is because the controller 
generates so much understeer on the entry to the turn that it strays from the desired path. 
Since it is cornering close to the limit it is then unable recover back to the predefined 
trajectory, regardless of how much steering angle it applies. 
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Figure 3.9. - Passive and controlled vehicle behaviour during a 38mls, 185m radius turn 
commencing at I second. Note that the traces for the reference model are taken from the 
controlled case. Primary feedback only applied with ý, =0 and u., = 40ONm 
Given the issues outlined above, the maximum input scaling that allowed the vehicle to 
complete the manoeuvre was around 40ONm and the vehicle's performance with this 
setting is shown in Figure 3.9. As may be observed from Figure 3.9c the controller applies 
torque transfer to the inside wheel (after a brief positive spike) as the vehicle turns in to the 
comer and the understeer that is thus generated results in an increase in the amount of 
steering angle required (Figure 3.9a), but also has the desired effect of reducing the peak 
sideslip acceleration (Figure 3.9d). However, due to the limitations on the allowable control 
input, the improvement in the sideslip acceleration cost (for the vehicle) is much smaller 
than that observed in the sine steer test at 17.8%. Indeed, the sideslip acceleration cost for 
the reference model is actually made worse (by 15%). This is due largely to the steering 
input becoming more oscillatory as a result of the control. This causes a second large 
(positive) peak in the reference model's sideslip acceleration at around 4 seconds (Figure 
3.9d) which is not exhibited by the vehicle owing to the tyres being in their non-linear 
region. This second peak causes the controller to apply positive torque transfer (Figure 
3.9c) in an attempt to eliminate it which then generates a second peak in the sideslip 
acceleration of the vehicle model at around 4.5 seconds. Clearly the results are being 
influenced by the driver model's settings here, since if these were tuned to be less 
oscillatory, the problem would not occur. However, it is also possible that the addition of 
the secondary feedback to account for the non-linearity of the vehicle model may also 
improve the performance. 
JAGUA-R PhD Thesis 57 N 
I ................................................ .. "I I-; 
Vehicle Handling Control using Active Differentials 0 oqghlýorough 
-- Unmrsity 
3.5 Secondary Feedback Performance 
The previous section has demonstrated that, whilst the performance of the primary 
feedback is excellent in the linear region, it does begin to degrade once the vehicle's 
behaviour becomes non-linear. The need for the secondary feedback loop was thus 
demonstrated and its performance will be analysed in this section. Once again the two 
extreme cases of neutral steer cost only and sideslip acceleration cost only will be 
considered as will scenarios where the vehicle threatens to become unstable. 
3.5.1 Secondary Feedback Parameters 
As with the primary feedback, the performance of the secondary feedback can be 
influenced by only two parameters, the cost function weighting A2 and the input scaling, 
u..,. The cost function weighting determines the relative influence of the two costs (yaw 
rate error and sideslip velocity error) and is chosen to minimise the original primary 
feedback cost function (when evaluated for the vehicle). Since the neutral steer cost is 
largely a function of yaw motion and the sideslip acceleration cost is largely dependent on 
sideslip motion (Section 3.2.4), it is generally the case that minimising the yaw rate error 
will minimise the neutral steer cost and minimising the sideslip velocity error will assist in 
minimising the sideslip acceleration cost. The following weightings were thus used in the 
analysis that follows, 
" Neutral steer cost only: . 12 -": 1 (yaw rate error only) 
" Sideslip acceleration cost only: A2 =0 (sideslip velocity error only) 
In the case of A2 = 1, an input scaling (Um2) of 6000ONm was used whilst 1 000ONm was 
used for ý2 =0. These values were chosen on the basis that further increases above 
them gave negligible further improvements in performance for the manoeuvres in question. 
3.5.2 Braking in a tum manoeuvre 
(i) Neutral Steer Cost Only (A, = 1, 
A2 =1) 
In this manoeuvre, the vehicle is driven around exactly the same trajectory as used for the 
high speed cornering test of Section 3.4.4. Again a constant speed of 38m/s (Figure 3.10d) 
is chosen, thus yielding a steady state lateral acceleration approaching 0.8g. Once a 
steady state cornering condition is reached, the steering wheel angle is held constant 
(Figure 3.10a) and a constant braking torque is applied to the wheels which yields an 
average deceleration of approximately 0.25g. 
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From Section 3.4.4, it has already been shown that, up to the point where the brakes are 
applied, the primary feedback overestimates the yaw moment required to achieve neutral 
steer behaviour. During this period, the secondary feedback compensates for this by 
reducing the torque transfer applied (Figure 3.1 Oc). This results in a yaw rate significantly 
closer to the neutral steer target (Figure 3.1 Ob). 
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Figure 3.10: Braking in a turn from 38mls on a constant 185m radius - brakes applied at 10s. 
(F I denotes primary feedback and F2 denotes secondary feedback). 
Neutral steer yaw rate plotted for FI +F2 case. 
Primary feedback settings: ý=I and u., = 4000ONm 
Secondary feedback settings: A2 =I andUm2 = 6000ONm 
Once the brakes are applied, it may be observed that, with the primary feedback only, the 
vehicle becomes unstable (Figure 3.11). This is due to the inside rear wheel running at 
high slip levels, thus losing lateral force capacity, and causing the vehicle to oversteer. 
This instability is also marked by a sharp increase in yaw rate (Figure 3.10b) and sideslip 
velocity. However, as can also be seen from these figures the reference model does not 
reproduce this behaviour. Firstly, this is due the fact that it has linear tyres and would thus 
never go unstable anyway. Secondly, the only'feedback' it has from the vehicle is steering 
wheel angle. Since this is held constant once the brakes are applied, the reference model 
is effectively blind to the behaviour of the vehicle (instability might otherwise be indicated 
through the application of opposite lock). The primary feedback therefore does nothing to 
compensate for the vehicle's behaviour other than to reduce the control input as a result of 
the reduction in speed (Figure 3.10c). 
From the discussion above, it is clear that, once the brakes are applied, the controller is 
totally reliant on the secondary feedback to stabilise the vehicle and from Figure 3.11 it may 
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be observed that it duly 
prevents it from spinning. 
Initially, the controller is 
attempting to reduce 
understeer (to achieve 
neutrality) and so torque is 
being transferred to the 
outside wheel before the 
brakes are applied. Clearly, 
this course of action is 
inappropriate once the 
brakes are applied since the 
Figure 3.11: Vehicle heading and trajectory during braking in 
a tum test (Blue = Primary Feedback Only, Green = Primary 
and Secondary Feedback) 
vehicle begins to oversteer. However, as a result of this oversteer, the vehicle's yaw rate 
grows larger than that of the reference model (Figure 3.10b). Torque is therefore 
transferred to the inside wheel by the secondary feedback as it acts to reduce the 
aforementioned divergence between the reference and vehicle models. The vehicle is thus 
stabilised, not only because of the restoring yaw moment generated by the longitudinal rear 
tyre forces but also because the transfer of torque to the inside wheel reduces its 
longitudinal slip (makes it less negative), thus restoring some of its lateral force capacity. 
(ii) Sideslip Acceleration Cost Only (A, = 09 'ý2 =0) 
The same manoeuvre is also carried out with sideslip acceleration cost only settings. It has 
already been shown in Section 3.4.4 that, up to the point where the brakes are applied the 
primary feedback reduces the sideslip acceleration cost for the vehicle. However, it was 
suggested that the improvement was limited by the restriction on the input scaling and the 
divergence between the reference and vehicle models. With the addition of the secondary 
feedback it was found that a much higher input scaling of 100ONm could be used for the 
primary feedback. This is possible because any input which might cause the inside rear 
wheel to spin and hence cause the vehicle to go unstable will (up to a point) be cancelled 
out by the secondary feedback. The result of this higher input scaling is that the sideslip 
acceleration cost for the reference model is now improved by 26% up to the point where 
the brakes are applied (as opposed to being degraded by 15%). 
As with the neutral steer case, once the brakes are applied the vehicle becomes unstable 
with the primary feedback only. However, as also observed in the neutral steer case the 
addition of the secondary feedback allows stability to be maintained, although on this 
occasion it is the sideslip velocity error and not the yaw rate error that is being minimised. 
It thus appears that minimising either yaw rate or sideslip velocity error is an effective 
means of maintaining stability in scenarios where it would otherwise be lost. 
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3.5.3 Swept Steer Test 
The braking in a turn manoeuvre with full neutral steer settings illustrated that in addition to 
providing stability when the vehicle model becomes highly non-linear, the secondary 
feedback also plays a significant role in compensating for the vehicle's non-linearity in the 
steady state. This can be demonstrated further with a constant speed swept steer test. 
Here the vehicle's speed is held at 20m/s whilst the steering wheel angle is increased at 
20/s until the limit of the vehicle is reached. This then allows the understeer gradient of the 
vehicle to be obtained by subtracting the neutral steer hand wheel angle from the actual 
hand wheel angle. The behaviour of the vehicle during the test is shown in Figure 3.12 for 
passive, primary only and primary with secondary cases. It may be observed from Figure 
3.12a and 3.12b that in both controlled cases the understeer gradient is dramatically 
reduced via the application of positive torque transfer to the outside wheel (from 1.880/g to 
0.040/g with both primary and secondary feedback operating). 
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Figure 3.12: Vehicle behaviour during a 20mls constant speed swept steer test. 
(Plot a) depicts the understeer gradient) 
Controller settings: A, =I and A2 =I 
I 
However, it is also apparent from Figure 3.12a that with the primary feedback only, too 
much torque transfer is applied beyond around 0.4g and the vehicle is being forced into 
oversteer. Less torque transfer is required at higher lateral accelerations because as the 
lateral slip angles of the lyres increase and they enter their non-linear region, the coupling 
between longitudinal and lateral forces gets stronger. The result is that the application of 
torque transfer at high lateral accelerations begins to significantly reduce the lateral force 
generated by the rear tyres, thus causing a further reduction in understeer. As explained in 
Section 3.2.2, this coupling does not exist in the reference model and so the secondary 
feedback is required to reduce the rate of increase in torque transfer from 0.4g upwards 
(Figure 3.12b), thereby allowing the vehicle to reach its limit without being forced into 
oversteer. This also means that the limit lateral acceleration of the vehicle is extended from 
0.90g to 0.94g. However it should be noted that maintaining such agility right up to the limit 
is unlikely to be desirable in a road vehicle. 
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3.6 Combininq the Cost Functions 
Having developed an appreciation for what the neutral steer and sideslip acceleration cost 
functions achieve in isolation this section will focus on their performance when operating 
simultaneously (ie. 0 <A, <I). The choice of weighting here is a design specification that 
will depend on the desired characteristics of the vehicle to which the controller is being 
applied. However, this is not an attempt to specify what should be done with an active 
differential, but rather what can be achieved. Therefore, the scope for improving both the 
sideslip acceleration and neutral steer costs will be assessed. 
3.6.1 Choice of Input Scaling 
In the light of the analysis of the effect of the input scaling in the previous section a scaling 
of uI= 4000ONm will be used for both the primary and secondary feedback in all 
subsequent investigations (unless otherwise stated). It is possible to make the input 
scaling redundant by applying independent and unrestricted weightings to each cost, as 
indicated below, 
=A, f(ay -Urydl+A2f(r- 
U82 
dt +f u"Ru dt (3.29) 1) 
However, this yields very similar results to the method used here with uml : 4000ONm, 
thus indicating that this choice of input scaling is a good one. Since there is no explicit 
restriction on input, the above method can also result in the input being made too large. 
3.6.2 Choosing the Primafy Feedback Weighting 
As indicated above the choice of primary feedback weighting is a design specification. 
However, choosing A, = 0.5 does not necessarily mean that the two costs will be improved 
equally. This section will therefore analyse scope for improving both cost functions 
simultaneously by choosing primary feedback weightings to minimise the following 
'auxiliary' cost function for the reference model, 
(1_, g)jl(Al) t2j2(Al) J= max ý 11 - (3.30) iI J2 
ý 
where J represents the passive cost. The weighting value 8 can be chosen to determine 
the influence of each cost. For example, choosing 6=0.5 should ensure that both costs 
are improved equally. To perform this task the Nelder-Mead simplex optimisation method 
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was used (via Matlab's 'fminsearch' function). The optimisation is carded out with the 
primary feedback operating in isolation, since the secondary feedback weightings cannot 
be set without knowledge of the primary feedback weighting (in any case, for open loop 
tests it is largely irrelevant whether the secondary feedback is in place or not since the 
auxiliary cost is being minimised for the reference model and not the vehicle). Analysis of 
the resulting performance is carried out for two different manoeuvres which are described 
in the following sections. 
(i) Sinusoidal Steer Test 
Here, the vehicle is driven at a constant 
speed of 20m/s whilst a sinusoidal 
steering wheel input of frequency 0.5Hz 
and amplitude 200 is applied (as in 
Section 3.4.2). Using the 
aforementioned optimisation routine, A, 
is chosen to minimise the auxiliary cost 
function with #=0.5 . 
The result is a A, 
value of 0.380 and as can be seen from 
Table 3.7, this yields an improvement of 
37% in both the neutral steer and 
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Figure 3.13: Control input for 20mls, 200,0.5Hz 
sinusoidal steer test 
0.380 and u, = 4000ONm 
sideslip acceleration costs. The control input is also shown in Figure 3.13 where it may be 
seen that this improvement is achieved by applying a torque transfer that is circa 900 out of 
phase with the steering input, this compares with approximately 00 for the neutral steer cost 
only case and 1800 for the sideslip acceleration cost only case (see Section 3.4.2). 
% Improvement 
Reference 
Sideslip Acceleration Cost 37.0 
Neutral Steer Cost 37.0 
Vehicle 
Sideslip Acceleration Cost 16.2 
Neutral Steer Cost 
T 
1 34.5 
Table 3.7: Cost function values at the conclusion of a 20mls, 200,0.5Hz sinusoidal steer test. 
Pfimary feedback only applied with ý, = 0.3 80 and u., = 4000ONm 
(ii) 'Step' Steer Test 
In this manoeuvre a step steering input of 120 is applied whilst the vehicle is travelling at a 
constant speed of 40m/s. 121 was chosen since it is close to the maximum allowable input 
at this speed before the limit of the vehicle would be reached under full neutral steer 
ozý-Il 
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conditions. Note that (as in Section 3.4.3) a first order lag with a time constant of 50ms is 
applied to the step input before it is applied to the vehicle. 
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Figure 3.14. - Passive and controlled vehicle behaviour during a 40mls, 120, step steer test. 
Note that the traces for the reference model are taken from the controlled case. 
Primary feedback only applied with A, = 0.677 and u., = 4000ONm 
Once again, A, is chosen to minimise the auxiliary cost function with 8=0.5 and the 
results are shown in Figure 3.14. Improvements approaching 30% are achieved in both 
reference costs, although a somewhat larger /ý of 0.677 is required this time. Figure 3.14 
illustrates how this improvement has been achieved. Torque is initially transferred to the 
inside wheel (Figure 3.14a) to generate understeer and reduce sideslip acceleration (Figure 
3.14d). Once the sideslip acceleration has dropped below around 20% of its maximum 
value, the neutral steer cost begins to take precedence by transferring torque to the outside 
wheel and increases the yaw rate and lateral acceleration (Figures 3.14c and 3.14b) 
beyond the passive values. However it can be seen from the relatively slow increase in 
torque transfer that the sideslip acceleration cost is still having an influence as it attempts to 
prevent the required sideslip angle from being generated too quickly. The end result is that 
steady state conditions are not achieved until well over 10 seconds after the initial input 
(compared with approximately 1 second in the passive case). The controller is thus 
generating close to neutral steer handling but only over a long time period. 
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3.7 Conclusion 
The application of a linear controller to a non-linear vehicle has generally proved to be 
successful. The primary feedback has proven to be extremely effective in forcing the 
reference model to conform to the desired behaviour defined by either the sideslip 
acceleration or neutral steer costs. Applying the primary feedback torque transfer (in 
isolation) to the vehicle itself also results in generally excellent reference model tracking in 
the linear region. However divergence between the reference and vehicle models does 
begin to occur in the non-linear region, illustrating the requirement for the secondary 
feedback. Providing the tyres were not in saturation, the secondary feedback was shown 
to be very effective at eliminating this divergence. 
The successful application of the controller has also shown that an ideal active differential 
is a highly effective actuator for minimising either the sideslip acceleration cost or the 
neutral steer cost. It is clearly capable of modifying both transient and steady state vehicle 
behaviour in both the linear and non-linear regions. The application of the secondary 
feedback has also shown that an ideal active differential has the potential to be an effective 
tool for stability control. The fact that the differential was very effective at minimising the 
neutral steer cost, also suggests that, for a given vehicle, an active differential could be 
used to create a desired handling balance, extend the linear region and even extend the 
ultimate limit of the vehicle. 
It has also been demonstrated that it is possible to simultaneously improve the neutral steer 
and sideslip acceleration cost through appropriate choice of A, - 
However, these 
improvements are relatively minor compared to those achieved in the same tests with 
either ý=0 or A, = 1. It also appears that attempting to improve both costs results in 
large delays before the vehicle reaches steady state. Such a limitation clearly has 
implications with respect to the merit of including two cost functions in the primary 
feedback. It is therefore investigated further in the next section. 
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4 Practical Considerations for Implementation 
Section 3 showed that the basic concept of the yaw moment controller design was sound 
and illustrated that excellent performance can be achieved from a controlled differential in a 
range of different scenarios. The overall aim of this section is to give a deeper appraisal of 
the practical feasibility and robustness of the controller, whilst still maintaining ideal 
actuation. 
The first part of this section focuses on the feasibility of combining the two cost functions in 
the primary feedback. Section 3.6 has already illustrated that whilst there is scope to 
improve both cost functions, the performance obtained whilst doing so is less than ideal. It 
is important to establish whether poor performance here is due to the control design or to 
the actuator since, if it is due to the actuator, the matter is not worth pursuing further and 
the controller should be simplified to include only a single (yaw or sideslip) cost in the 
primary feedback. A comparison is therefore made with a RWS system to investigate 
whether a controlled differential is able to effectively decouple sideslip and yaw motion. 
The next two sections then move on to analyse the robustness of the controller. The 
controller's performance in two key areas was not investigated in detail in Section 3. 
Firstly, whilst the controller was tested successfully in the non-linear region, behaviour 
beyond the limits of tyre saturation was not considered in detail. This is therefore 
investigated here to understand if it is necessary to incAude tyre saturation limits into the 
controller in some way. Secondly, in an extension of this study, the controller's 
performance is analysed in scenarios where this saturation limit changes, i. e. on low-A 
surfaces. This provides an opportunity to investigate whether some form of ýi estimation is 
required and to further evaluate the impact of the secondary feedback weighting (A2). This 
latter point is focused on understanding the value of controlling sideslip velocity (as 
opposed to yaw rate) in low-lt conditions. 
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4.1 Decoupling sideslip and yaw motion - RWS compadson 
In order to effectively minimise both the neutral steer and sideslip acceleration cost 
functions it is necessary for the control system to decouple sideslip and yaw motion. 
However the results from Section 3.6 indicated that sideslip and yaw could not be 
decoupled in this case, calling into question the value of attempting to minimise both cost 
functions. To investigate whether this failure was due to the controller design or the 
actuator a comparison has been made with a RWS system. This comparison is carried out 
using the reference model and primary feedback loop only. 
RWS Controller 
To ensure that the comparison is a reflection of actuator (rather than controller) capability, 
the RWS controller is designed using the same LQR based structure as the differential 
controller described in Section 3. The only changes that are required are to the input 
matrix which becomes, 
0 
(4.1) 
cc 
L 
ýMJ 
and to the R and 'N' matrices in the formation of Equation 3.4. These changes are 
described in detail in Appendix C. 
4.1.2 Sideslip Acceleration Cost Only (, ý = 
The two actuators' ability to minimise the sideslip acceleration cost only is compared using 
the 200,20m/s, step steer test shown in Figure 4.1. It is immediately apparent from this 
result that RWS appears to be better suited to minimising sideslip acceleration cost since it 
almost completely eliminates sideslip acceleration (Figure 4.1b). The differential does not 
achieve this and therefore the yaw rate and sideslip velocity are allowed to rise slowly and 
do not reach steady state (Figure 4.1c and d). Note that this mainly occurs because the 
controller allows the torque transfer to leak off (Figure 4.1 f). 
Despite the apparent superiority of RWS in this case, the mechanism by which it achieves 
zero sideslip acceleration is similar to the differential. In the initial phase of the turn (the 
first 0.13 seconds in this case) the sideslip acceleration is positive as the rear wheels 
initially attempt to track inboard of the front (positive sideslip angle). The controller 
therefore appiies out of phase steering (reducing understeer) to move the rear wheels 
vszýý 
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outwards (relative to the front) and prevent this from happening (Figure 4.1e). Once the 
lateral force begins to build the rear wheels attempt to move outboard of the front (negative 
sideslip angle) to increase their slip angles and therefore the lateral force they are 
generating. At this point the controller therefore applies in-phase steering (generating 
understeer) to prevent the rear wheels from moving outwards. However, despite this 
similarity, RWS has an inherent advantage over the differential because it has direct control 
over the lateral motion of the vehicle (see equations of motion in Appendix C) whereas the 
differential can only control lateral motion indirectly via the yaw moment. 
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Figure 4.1: Reference model performance during 20ý 20rrVs step steer test with sideslip 
acceleration cost only settings. u,., : -- 80000 for differential 
4.1.3 Neutral Steer Cost Only (Al = 1) 
Carrying out the same test with full neutral steer settings enables a similar comparison of 
the two actuators' ability to minimise this cost (Figure 4.2). As can be observed from Figure 
4.2a both actuators appear to be equally capable of forcing the reference model to track the 
target yaw rate. However, it should be noted that it is necessary for RWS to generate a 
larger sideslip velocity (Figure 4.2b) in the process. 
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4.1.4 Combined Costs (A, = 0.5) 
The perforTnance of the two actuators when the cost functions are combined is shown in 
Figure 4.3. As is evident from Figure 4.3a and 4.3b, neither actuator is capable of 
decoupling sideslip and yaw motion. As in Section 3.6.2 the controlled differential is only 
able to reach the target yaw rate whilst minimising sideslip acceleration by generating the 
required yaw moment very slowly, resulting in a long delay before steady state GOnditions 
are reached. The RWS system behaves in precisely the same manner: indeed it is even 
less effective than the differential because, as highlighted in the previous test, it has to 
generate a larger sideslip angle to achieve the same increase in yaw rate. 
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Figure 4.3: Reference model performance 200,20rrVs step steer test with combined sideslip 
accoAcroWn and noutral stocr costs (Ai = 0.5 ) u., = 40000 for dftrcnhal. 
4.1.5 Combined Actuators 
The previous tests have illustrated that it is not possible to exercise effective control over 
both sideslip and yaw motion with a single actuator. However Ka vehicle were to have 
both RWS and a controlled differential, decoupling is possible. The results from Section 
4.1.2 and 4.1.3 indicate RWS is better suited to sideslip control and the controlled 
differential is better suited to yaw control. Hence, for this test RWS is applied with sideslip 
acceleration cost only settings and the controlled differential is applied with full neutral steer 
settings. The resufts are shown in Figure 4.4, which clearly shows that with these two 
actuators it is now possible to minimise both costs effectively. RWS steer applies an in 
phase steefing input (Figufe 4.4c) to maintain zefo sideslip acxviwaWn Figute 4.4b) whilst 
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the controlled differential applies torque transfer to the outside wheel (Figure 4.4d) to 
generate a positive yaw moment and enable the yaw rate target to be tracked (Figure 
4.4a). Unlike the case of the single actuator, there are no delays in reaching steady state 
(Figure 4.4a). 
0.14 ................. 0A ---- ---- ........................ ........... 
.......... 
0.12 ----------- -------------- OA -- ------- ................................. . .......... ---------- -------- 
03 ......... .............................................. 
O. C)e ---------- ---- -- ........... 
02 ------- -- .... .......... ---------- . ........ ------------ 
0.1 ---------- .............................................. 
-- ------- -------- I ----------------------- ----------- 
'Z 0- 
0.04 .......... 
- ---------- 
------ ---- .......... ...................... Nei 
pal 
No, 
pal 
Neutral Suer 
tim - 
.... 
.......... 
0.02 ----------- --------- 
Passive 
...... 
---------------- 
.......... ........... - ------- 
...................... 
........... 
7q -02 ----- RWS + Active UNT I Ch 
----------- ----- 
0 . 031- 0123461234 
Time (a) Time (a) 
0) b) 
x 10-3 12 [ ---------- ------------------------------------ ----------- 
Vlo ---------- , ----------- 
........... .................... .......... . .......... 
r, ý-ý--- 
.......... --------- 4 ---------- ----------- ; . ----------- Co 
V- 4 ---------- ------------- * --------------------- 7 ---------- 
0[ 
.... ................................. :. - 
I OW r, -*- 
loooý ---------- --------- ................... 
---------- ---------- ---------- 
........... 
12 
-2 0L 02 :i 'L "L 
1j 
012346 
, nme (s) TIm* (a) 
C) d) 
Figure 4.4. Reference model perfbrmance 20ý 20mls step steer test with simultaneous RWS 
and active differential control. u .. I= 80000 for differential. 
4.1.6 Conclusion 
These results have served to further illustrate the limitations of an active differential (and 
single actuators in general) in the control of both sideslip and yaw motion. Due to its 
inability to decouple them and the undesirable behaviour that therefore results when trying 
to control both, only a single cost function will be employed in the primary feedback from 
this point. Since both these results and those of Sections 3.4 and 3.5 have shown that an 
active differential is better suited to yaw rate rather than sideslip control, the sideslip 
acceleration cost will not be considered further (all future analysis will be carried out with 
At = 1). 
It should be noted that having eliminated the sideslip acceleration cost from the primary 
feedback the choice of weighting for the secondary feedback is greatly simplified. The 
results from Section 3.5 have already illustrated that if Al = 1, a purely yaw rate error based 
secondary feedback (A, = I) is perfectly adequate for compensating for the vehicle's non- 
linearity and providing stability control. At this stage the need for the sideslip velocity error 
cost is therefore not apparent. However, its potential for improving the robustness of the 
controller has not yet been considered and choice of secondary feedback weighting will 
therefore be discussed further in Section 4.3. 
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4.2 Saturation 
In all the scenarios in which the controller has thus far been tested with full neutral steer 
settings it has been within the actuator's capability to meet the target vehicle behaviour 
defined by the reference model. However, despite the fact the actuator being considered 
here is 'ideal' (unlimited torque transfer capacity and bandwidth), the yaw moment authority 
that it possesses still has limits. This is because the differential generates its applied yaw 
moment through the tyres and tyres do not have unlimited force capacity. This section will 
therefore consider the controller's behaviour once the saturation limits of the tyres have 
been reached and it is therefore no longer possible to follow the target yaw rate. 
4.2.1 Introducing Saturation into the ReAgrence Model 
Saturation can be accounted for in the controller by introducing some non-linearity into the 
reference model. A simple way to achieve this is to saturate the steering input once the 
maximum attainable steady-state yaw rate is reached. This maximum yaw rate ran be 
calculated from, 
rum = 
ay, 
if 
(4.2) 
where ay, 
_ 
is the theoretical limit lateral acceleration of the vehicle based on a surface 
friction coefficient (p) of unity (1 g). The maximum steering input (assuming neutral steer 
characteristics) can then be obtained by rearranging Equation 3.22 to give, 
slil. = r,, U-I 
(4.3) 
Both the requirement for and effectiveness of this modification are illustrated with the swept 
steer and double lane change tests described in the following sections. 
4.2.2 Swept Steer Test 
The swept steer test described in Section 3.5.3 can be used to analyse the controller's 
performance once the saturation limits of the tyres have been reached in the steady state. 
In this case the test is therefore continued beyond the point of saturation and the results 
are shown in Figure 4.5. As can be observed from Figure 4.5b, the lateral acceleration of 
the passive vehicle saturates when the steering wheel angle reaches around 1400. Once 
the maximum lateral acceleration is reached it is not possible for the yaw rate to increase 
further so this also saturates at this point (Figure 4.5a). Since the controlled vehicle is 
neutrally steered, its lateral acceleration saturates at a much lower steering wheel angle 
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(around 700). However, the reference yaw rate continues to increase beyond this point 
(since the reference model is linear). This causes the controller to continue requesting 
torque transfer to the outside wheel in an attempt to generate what is now an unobtainable 
yaw rate. The yaw rate is increased beyond the maximum achieved with the passive 
vehicle but it is not sustainable in the steady state, resulting in oscillation (Figure 4.5a). 
----------------------------------- -------- 
- Noutrai Siver 
02 - Passive 
- Controlled (wfout saturation) 
'0 Roftorance (wittel, cahmaton) I ;;;; -- - 90-6 aWrabon) 
j J 
CA .................. . ....... 
02 ------------------------ ------ r 
.............. ý- --'. 
' : 0,1. 
.............. ................................ 
...................................... ............................. 
20 40 so i6 
St"rft Wh"I AnGO (d*M 
a) 
I ------------------- 
9 
C 
0 
0.6 
u dc 
100 120 140 
900 r --------------- --------------- 
le OW I'. 
400 
200 -------- ......... 
101 
01 
Ov Iiii -MOL i6 iý iý I'- 
, 
0 20 40 W 80 100 120 140 0 00 120 140 
Sivefing Whavi Angie (dog) Sixering Wheoi Angie (dog) 
b) C) 
Figure 4.5: 20mls swept steer results with and without saturation included in tho reference 
model. Controller settings: A, =I and /12 =I- 
The post saturation behaviour of the controller illustrated here is clearly undesirable and is 
a result of the use of a linear reference model. When the non-linearity described in Section 
4.2.1 is introduced into the reference model, the controllers performance in the swept steer 
test is much improved as illustrated in Figure 4.5. A neutral steer yaw rate is still generated 
up to a steering wheel angle of 700 but beyond this value the reference yaw rate is 
saturated and therefore the controller also allows the vehicle's yaw rate to saturate (Figure 
4.5a). Note that in reality a 'soft' saturation is likely to be desirable in order to allow a more 
progressive transition into terminal understeer. 
4.2.3 Double Lane Change 
The previous test illustrated that a simple saturation limit in the reference model served to 
greatly improve the controller's post saturation behaviour in the steady state. In order to 
assess if this modification is also effective in transient conditions, the control system's 
performance in an evasive double lane change manoeuvre, both with and without the 
saiuration limit, is assessed. In this case the steering is controlled to follow the target 
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trajectory shown in Figure 4.6 with an initial vehicle speed of 22m/s. The vehicle's speed is 
not controlled during the test. 
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Figure 4.6: Double Lane Change Trajectory 
The performance of the controlled vehicle without the saturation limit applied to the 
reference model is compared to the passive case in Figure 4.7. As can be observed from 
Figure 4.7b, the passive vehicle is very close to the adhesion limit for much of the 
manoeuvre and reaches its maximum lateral acceleration twice. As a result of the rapid 
successive changes in direction at such a high lateral acceleration the vehicle begins to 
oversteer in the final part of the lane change and the ddver has to apply counter steer 
between 3.5 and 4 seconds to stabilise it. In the controlled case the differential forces the 
yaw rate to track the target very closely for the first two seconds of the manoeuvre (Figure 
4.7d), resulting in a significant reduction in driver workload (Figure 4.7a). However at 
around 2.2 seconds the vehicle begins to oversteer and in its attempts to correct this the 
differential transfers so much torque to the inside wheel that it saturates (longitudinally) and 
the vehicle becomes unstable. This is therefore a further illustration that the differential is 
not as effective at reducing oversteer as it is at reducing understeer because the former 
requires torque transfer to the unloaded inside wheel. 
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Figure 4.7: 22mls double lane change. No saturation applied to reference model. 
Primary feedback settings: ý=I and uI= 40000 
Secondary feedback settings: A2 =I and Um2 = 60000 
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The only way to prevent the differential from saturating the tyres with the present control 
structure is to reduce the controller gains. This can be achieved with the secondary 
feedback by simply reducing the input scaling. However, with the primary feedback this is 
not a desirable course of action, as it will cause the reference yaw rate to deviate from the 
neutral steer target. It is therefore more appropriate to scale the primary feedback before it 
is passed to the vehicle model whilst leaving the feedback to the reference model 
unchanged. The controller's performance with the secondary feedback input scaling 
reduced to 100ONm and the primary feedback scaled by 0.01 is shown in Figure 4.8. With 
these settings the longitudinal slip of the tyres does not exceed 3% at any point in the 
manoeuvre so their lateral force capacity should not be significantly affected by the 
differential. Despite this, the stability of the vehicle is still not improved by the differential, 
indeed, the driver's workload actually increases slightly (Figure 4.8a). 
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Figure 4.8. - 22mAs double lane change. No saturation applied to reference model. Control gains 
reduced. Primary feedback settings: A, = 1, KFI = 0.0 1 and u., = 40000 Secondary 
feedback settings: A2 =I and Um2 = 1000 
The poor performance experienced with the reduced controller gains is primarily due to 
inadequate oversteer detection. This can be illustrated by the fact that performance 
improves markedly if the saturation limit described in Section 4.2.1 is introduced into the 
reference model (Figure 4.9). Here, the drivers workload is significantly reduced with the 
peak counter steer on the exit of the manoeuvre reduced from 2000 to just 601, (Figure 
4.9a). The manner in which the saturation limit enables this improvement can be found by 
comparing the yaw rate traces of Figures 4.8c and 4.9c. In the case where the saturation 
limit is applied to the reference model it is clear from Figure 4.9c that the vehicle begins to 
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oversteer (the actual yaw rate exceeds that of the reference model) after 2.7 seconds as 
the driver attempts to steer back into the original lane. This oversteer continues almost 
continuously until the vehicle is back on Centre. Therefore from 2.7 seconds onwards 
negative torque transfer is applied to the inside wheel to stabilise the vehicle (Figure 4.9b). 
However, in the case where the saturation limit is not applied to the reference model, it can 
be seen from Figure 4.8c that oversteer is not detected until 3 seconds into the manoeuvre, 
0.3 seconds later than in Figure 4.9c. This delay in itself is enough to significantly reduce 
the differential's capacity to stabilise the vehicle but to make matters worse, between 2.7 
and 3 seconds the controller is actually responding as if to eliminate understeer. During 
this period the controller is thus degrading the stability of the vehicle by transferring torque 
to the outside wheel (Figure 4.8b). The result is that the ddver therefore has to apply even 
more counter steer to stabilise the vehicle on the exit of the lane change than in the passive 
case (Figure 4.8a). 
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Figure 4.9: 22rrVs double lane change. Saturation applied to reference model. 
Primary feedback settings: ý=1, KFI 0.0 1 and u., = 40000 
Secondary feedback settings. A2 I and u., ; -- 5000 
it should be noted that inclusion of the saturation limit into the reference model also allowed 
the secondary feedback input scaling to be increased back up to 500ONm whilst still 
avoiding tyre saturation. However, despite this, whilst the controller is now having a much- 
improved impact on the stability of the vehicle at the end of the manoeuvre, the 
performance in the initial phase has been heavily compromised by the overall reduction in 
controller gains. This is illustrated by comparing the poor yaw rate tracking in the first 1.5 
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seconds of the manoeuvre in this case (Figure 4.9c) with the near perfect tracking of the 
high gain controller (Figure 4.7d). 
4.2.4 Summary 
This section has illustrated that in order to prevent the controller from attempting to 
generate unreasonable steady state yaw rates it is necessary to include some form of 
saturation limit in the reference model. It has also been found that the saturation limit is 
necessary for accurate oversteer detection in transient manoeuvres where the stability of 
the vehicle is compromised. However the inclusion of this limit does not always prevent the 
controller from saturating the tyres in such scenarios. In cases where this occurs it is 
therefore also necessary to reduce the controller gains. The controller is particularly prone 
to saturating the tyres when it is required to induce understeer under high lateral 
accelerations (due to the limited capacity of the unloaded inside wheel), thus suggesting 
that some form of gain scheduling with respect to lateral acceleration and direction of yaw 
moment (understeering or oversteering) would be required in practice. Gain scheduling 
however has the disadvantage of compromising yaw rate tracking (as illustrated in the first 
phase of the double lane change) in order to ensure robustness across a range of 
scenarios. An alternative solution may therefore be to have an additional control loop 
monitoring the longitudinal siip of the tyres and protecting against saturation. Not only 
would this be more robust, it would also increase the likelihood of the full potential of the 
actuator being used. it is also worth noting that a real active differential's limitations (in 
terms of torque transfer capacity) may make it inherently robust to this issue. This will 
therefore be considered further in Section 5. Note that the modified form of the reference 
model (with saturation limit included) will be used in all further investigations with this 
controller. 
PhD Thesis 76 JAGUAR 
Vehicle Handling Control using Active Differentials Loughb. orough 1; Univcmity 
4.3 Robustness to Surface Condition 
The previous section illustrated how tyre saturation can be dealt with by including a 
saturation limit in the reference model. This modification to the controller was based on the 
assumption that the tyre road friction coefficient, p, is unity. However in reality a vehicle 
has to operate in conditions where p can be anywhere between 0.1 and 1. This section 
therefore investigates the robustness of the controller to changes in surface p and 
considers two main approaches to improving performance. The first approach is to simply 
modify the saturation limit to reflect the change in p, thus giving an indication as to the 
value of p estimation. The second approach is to modify the secondary feedback weighting 
(A, ) to a value less than unity. All previous analysis on high-p has indicated that pure yaw 
rate error control (A, =I) is sufficient for the secondary feedback, especially since the 
primary feedback cost function is now purely yaw rate based. However, on low-ýt surfaces, 
control of sideslip velocity error does have the potential to improve robustness so the 
impact of weighting this in the secondary feedback's cost function is considered here. 
4.3.1 Representing Low-, u Surfaces 
Low-p surfaces are represented in the model by simply scaling the tyre force outputs with 
the chosen value of p (see Section 2.1.7). This representation therefore assumes that in 
addition to peak tyre forces, cornering stiffnesses are also reduced with P. The effect on 
the vehicle's steady state characteristics when p is reduced to 0.4 is shown in Figure 4.10. 
As can be observed from Figure 4.10a, the limit lateral acceleration of the vehicle is 
reduced to around 0.4g when p is reduced to 0.4, whiist the understeer gradient is 
increased twofold as a result of the reduction in tyre comering stiffness. Also as a result of 
the reduction in comering stiffness, the vehicle's sideslip velocity gradient is significantly 
increased (Figure 4.1 Ob). 
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4.3.2 Low-, u Step Steer 
The performance of the controlier in iow-p conditions can be iliustrated with a 20m/s, 450 
step steer test on p=0.4. Due to the ease with which the rear wheels can be saturated on 
this surface, speed control was disabled in this test. A number of controller configurations 
were 'tested in 'this manoeuvre, the results from each are described below. 
(i) Unmodified 
in unmodified form the controller immediately causes the vehicle to go unstable as 
illustrated in Figure 4.11a. The principal reason the controller's performance is 
compromised in this test is due to the fact that the reference yaw rate is unobtainable on 
this surface. With a limit lateral acceleration of 0.4g, the maximum steady state yaw rate 
the vehicle can generate at this speed is around 0.2radis, whilst the reference model is 
requesting around 0.3rad/s. Since it is not possible to generate 0.3rad/s the controller 
continues to request torque transfer to the outside wheel until the tyre becomes saturated. 
The resultant loss of lateral force capacity then causes the vehicle to spin. 
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Figure 4.11. - 20mls, 40* step steer test on u=0.4. 
Controller settings. - A, =I and A2 =I 
Reduced Saturation Limit 
The problem highlighted in the previous test is similar to that discussed in Section 4.2 
where a saturation limit was introduced into the reference model to avoid the generation of 
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unrealistic targets. If this saturation limit is modified to account for the fact that the vehicle 
is on low-p (by setting a.,,, 
- 
= 0.4 in Equation 4.2) it might therefore be anticipated that the 
performance would be improved. However, as can be observed from Figure 4.12a, this is 
not the case. The vehicle is still forced to go unstable because, although the reference yaw 
rate is now obtainable in the steady state, in the transient it is still unreasonable. The time 
constant of the passive vehicle's yaw response on this surface is around 150ms, whilst the 
corresponding value for the reference model is just 45ms. Once again therefore, the 
corib-ofler saiuraies ihe rear lyres in an atiempi io reach an unrealistic iarget. 
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Figure 4.12: 20mls, 40* step steer test on u=0.4. Steering input to reference model saturated 
to 28.7*. Controller settings. - A, =I and /12 =1 
Modified Transient 
The neutral steer cost function describes a steady state yaw rate target only, it does not 
allow for transient behaviour. The primary feedback will therefore always eliminate the 
transient response of the reference model, regardless of its passive characteristics 
(assuming the input scaling is sufficiently large). However, it is possible to introduce 
transient behaviour into the reference model by simply modifying the steering input. Since 
the reference model's yaw rate follows the steering input's time response exactly, applying 
a first order lag to the steering input results in the production of an identical lag in the yaw 
response of the reference model. As discussed in the previous section, the time constant 
of the passive vehicle's yaw response on this surface is around 150ms. If a first order lag 
with this time constant is applied to the steering input of the reference model, the 
controller's performance is greatly improved, as illustrated in Figure 4.13. 
However, whilst the vehicle is now stable, the yaw rate tracking is still relatively poor 
(Figure 4.13a) as the actual yaw rate is significantly greater than the reference as a result 
of too much torque transfer to the outside wheel (Figure 4.13c). This error is largely due to 
the influence of the sideslip velocity gains in the secondary feedback. Even though A, =I, 
relatively small sideslip velocity gains are still produced when the Riccati equation is 
solved. These gains have negligible effect on high-la when the sideslip velocity is similar to 
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that produced by the reference model. However, due to the fact that the cornering 
stiffness' of the tyres have been scaled to represent low-p, the sideslip velocity here is 
much larger than that generated by the reference model, which still has high-P cornering 
stiffness' (Figure 4.13b). The output from the sideslip velocity gains is therefore no longer 
negligible and results in distortion of the yaw rate tracking. This is further illustrated by the 
fact that tracking is significantly improved if the sideslip velocity gains are set to zero 
(Figure 4.14). 
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Figure 4.13: 20mls, 40* step steer test on p 0.4. Steefing input to reference model saturated 
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Controller settings: A, =I and. ý2 =1 
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Figure 4.14: As Figure 4.13 but with sideslip velocity gains set to zero in the controlled case. 
(iv) Re-derived Gains 
The previous section highlighted an area where the controller's performance was 
compromised due to the fact that the reference model's parameters had not been modified 
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to account for the low-p surface. Figure 4.15 shows the controller's performance when the 
reference model's cornering stiffness' are scaled in the same way as on the vehicle and the 
controller gains are recalculated. The most significant effect of this change is that the 
sideslip velocity of the reference model is now much larger than in the previous case and 
hence the sideslip velocity error is greatly reduced (Figure 4.15b). The sideslip velocity 
gains therefore no longer have a significant impact on performance and yaw rate tracking is 
improved (Figure 4.15a). However, it should be noted that a very similar result can be 
obtained by simply setting the sideslip gains to zero in the original controller (Figure 4.14). 
Unless otherwise stated the configuration developed in Section (iii) with sideslip velocity 
gains set to zero will therefore be used for the remaining lowjt manoeuvres in this section. 
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Figure 4.15: 20mls, 40* step steer test on u=0.4. Steering input to reference model saturated 
to 28.70 and passed through a first order filter of time constant 150ms and controller gains 
recalculated for a reference model on u=0.4. Controller settings: A, =Ia nd ý2 =1 
4.3.3 Low-lu Double Step Steer 
The previous section verified that the 
controller can be adapted to work in sub- 
limit iow-p scenarios. In order to test 
these adaptations in a situation where 
stability is compromised a double step 
steer test can be used. Here a double 
step steer input of amplitude 9011 and 
period 2 seconds (Figure 4.16) is applied 
to the vehicle whilst it is coasting from an 
initial speed of 20m/s on a surface of p= 
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Figure 4.16. - Steering input for a 90* double 
step steer test 
0.4. In the passive case this steering input causes the vehicle to go unstable after the 
second step input. 
The controller configuration developed in the previous section fails to stabiiise the vehicle, 
indeed it actually degrades stability by causing the vehicle to go unstable after just the first 
step input (Figure 4.17). In the step steer test of the previous section such behaviour was 
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the result of the target yaw rate being unobtainable. Hence it was possible to solve the 
problem by making appropriate modifications to the reference model (via the steering 
input). However, in this case the reference yaw rate is obtainable (in the sense that it is 
physically possible for the vehicle to generate it) but not with the actuator being employed 
here. The actuator's more limited authority in this test is due to the fact that the passive 
vehicle is oversteering (relative to the reference model) throughout the manoeuvre (Figure 
4.17a) and the rear tyres therefore have high lateral slip angles. On such a low-)A surface it 
is therefore not possible for the differential to transfer enough torque between the rear 
wheels before they become saturated. 
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Figure 4.17. - 20mls, 901 double step steertest onu = 0.4. Controller settings: A, =I and. ý2 
The problem here is therefore similar to that encountered in the double lane change 
manoeuvre of Section 4.2.3. In that case it was necessary to reduce the controller gains to 
prevent the controller from causing instability and the same treatment Gan be applied to 
similar effect here. The controller's performance with the secondary feedback input scaling 
reduced to 1000ONm and the primary feedback scaled (at the input to the vehicle only) by 
0.25 is shown in Figure 4.18. As can be observed, the vehicle is now stabilised by the 
controller (Figure 4.18b) but, as in the high-p double lane change test, the actuator's limited 
authority means that overall yaw rate tracking is significantly degraded (Figure 4.18a). 
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Figure 4.18: 20mls, 9011 double step steer test on u=0,4 with reduced controller gains. 
Controller settings: A, =I and ý'2 =1 
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It should be noted that a full recalculation of the controller gains for ap of 0.4 (as described 
in part iv of the previous section) did not yield any significant improvements in performance 
in this test. 
4.3.4 Robustness to thep Estimate 
The previous two sections have illustrated that in order to give acceptable performance on 
IOW-ýL surfaces both the reference model and controller gains need to be modified. In both 
cases these modifications were carried out on the basis that the P level was known 
suggesting that the reference model saturation limits / controller gains should be scheduled 
with respect to ýi. Whilst this is not unfeasible, the accuracy that would be required of the P 
estimate means that it is unlikely to be a completely robust solution. The primary feedback 
in-particular is very sensitive to changes in the 'estimated' P value. For example, if P had 
incorrectly been estimated as 0.5 in the double step steer test of the previous section, the 
resulting increase in torque transfer request from the pdmary feedback would have caused 
the vehicle to become unstable again. The danger of over-estimating the P1 value is that the 
resulting increased torque transfer levels will saturate the rear tyres and cause instability. 
In order to ensure the controller is fully robust to inaccurate p estimates it is therefore 
evident that, as already proposed in Section 4.2.4, an additional control loop monitoring the 
longitudinal slip of the tyres and protecting against saturation would be required. 
02 ---------------------------------------------------------- 
- Passive 0.6 -------- I- ------ -------- - Neutral Steer 
OAý --------- -- 
---- 
-------- Referenc 
- Controlled 02 -------- ------ ------- 
0 --------- - ------ 
-02 -------- ......... I....... 
-OA --------- ----------- - ---- - ------- 
-0.6 --------------------- ------ ---------------------------- 
-02 1) 12345 
Time (a) 
Figure 4.19: 23MIS, 901 double step steer test on u=0.7. Reference model saturation set foru 
= 0.7. Controller settings: A, =I and A2 =I 
An inaccurate p estimate would also result in a potentially unreasonable yaw rate target 
being generated. Whilst this would no longer cause a stability problem if the controller was 
protected against saturating the rear tyres, it can result in the generation of large sideslip 
angles. This can be illustrated using the double step steer test described in the previous 
section, this time with a surface ja of 0.7 and an initial speed of 23m/s. in this test the 
controller's performance will be compared when the steering input to the reference model is 
saturated using an accurate p estimate of 0.7 and an inaccurate estimate of 1.0. The 
controller gains are tuned to avoid tyre, saturation in the worst case (when p is estimated as 
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1.0). Figure 4.19 shows that with ap estimate of 0.7, the controller is successful in 
maintaining the stability of the vehicle in a manoeuvre where it would otherwise be 
unstable. With ap estimate of 1.0, however, whilst the controller still succeeds in 
maintaining stability (Figure 4.20a), it has also begun to allow large sideslip velocities in an 
attempt to generate an unsustainable yaw rate target (Figure 4.20b). 
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Figure 4.20: 23m/s, 90" double step steer test onu = 0.7. Comparison of controllers with 
reference model saturation set forp = 0.7 andu = 1.0. Controller settings: A, =I and. ý2 =1 
it is in this type of scenario where sideslip velocity control can be used to improve 
robustness. Having eliminated the sideslip acceleration cost from the primary feedback, it 
was stated in Section 4.1.6 that, on high-p at least, it was therefore unnecessary to include 
sideslip velocity control in the secondary feedback. However, on low-p surfaces there is a 
potential benefit. For example if a ý2 value of 0.8 is used to derive the secondary 
feedback gains, the sideslip velocity in the p=1 case is significantly reduced (Figure 4.21 b) 
whilst the peak yaw rates are also reduced so that they match more closely those produced 
if p is correctly estimated at 0.7 (Figure 4.2 1 a). 
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Figure 4.21: As Figure 4.20 but controller with sideslip velocity cost added for comparison. 
It the same controller is used when p is estimated correctly at 0.7, the sideslip velocity 
gains have a negative impact on performance and yaw rate tracking deteriorates. 
However, this is largely due to the fact that the reference model's parameters have not 
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been modified to account for the reduction in p. As discussed in Section 4.3.2, if the 
reference model's cornering stiffness are not scaled in the same way as the vehicle's, the 
reference sideslip velocity will generally be unrealistically small, resulting in large sideslip 
velocity errors. This therefore causes the sideslip velocity gains to have a disproportionate 
effect on the controller's performance. However, if the reference model's connering 
stiffness are scaled then the sideslip gains have a much less significant impact on 
performance when p is estimated at 0.7. This is illustrated in Figure 4.22 where it may be 
seen that the yaw rate tracking is not deteriorated (indeed it is actually improved slightly) by 
the introduction of the sideslip velocity cost to the secondary feedback. 
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-- ----------- 
................. Di j -------------- 
3 
Ilme (8) 
b) 
Figure 4,22: 23mls, 900 double step steer test on li = 0.7 Reference model saturation and 
comering stiffness calculated forp = 0.7. Comparison of controllers with ý2 =I and A2 = 0- 8- 
4.3.5 Summafy 
This section has highlighted the challenge posed by low-P surfaces to yaw rate control. In 
unmodified form the controller is not robust to changes in surface condition. Indeed, it has 
been shown to actually degrade vehicle stability relative to the passive case. However, 
with the following modifications the controller's performance greatly is improved; 
Saturation limit modified to reflect surface p 
0 Reference model dynamics modified to reflect surface p 
0 Controller gains reduced 
The first two modifications prevent the generation of unreasonable targets, allowing more 
accurate oversteer detection, and the final modification prevents the controller saturating 
the tyres longitudinally in an attempt to generate the required yaw moment. Whilst 
reducing the controller gains could be avoided with the addition of an additional control loop 
monitoring longitudinal slip (as discussed in Section 4.2), the first two modifications would 
clearly require some form of p estimation for practical implementation. Given the likely 
accuracy of any such p estimate, it has been shown that there is some benefit to including 
sideslip velocity feedback in the secondary feedback to improve robustness. However, it 
should be noted that this benefit may be negated by the difficulties that are also associated 
with measurement or estimation of sideslip velocity. 
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4.4 Conclusion 
4.4.1 Controller Performance 
The practical considerations analysed in this Section have illustrated weaknesses in the 
idealised controller presented in Section 3. These can be summarised as: 
" Combined yaw and sideslip primary feedback cost inappropriate with a single actuator 
" Lack of robustness to surface It 
" Lack of protection against longitudinal tyre saturation 
As a result of these weaknesses, the following modifications or developments have been 
added to the controller and are used in all future analysis: 
Yaw rate only based primary feedback (sideslip acceleration cost removed) 
Yaw rate only based secondary feedback (sideslip error cost removed) 
Saturation limit added to the reference model based on surface It 
Reference model dynamics scheduled on surface p 
The sideslip error cost is removed from the secondary feedback because of the fact that it 
only offers a relatively small benefit (improved robustness to the P estimate on low-P 
surfaces) and this benefit is anyway dependant on accurate measurement or estimation of 
sideslip velocity, which is not trivial to achieve. It should also be noted that the lack of 
protection against tyre saturation is not dealt with in these modifications. This is because, 
as discussed in Section 5, a solution will not necessarily be required once actuator 
limitations are considered. 
4.4.2 Actuator Performance 
Section 3 showed that through the control of lateral torque transfer at the rear wheels it is 
possible to modify either sideslip (through the sideslip acceleration cost) or yaw (through 
the neutral steer cost) motion. However, attempts to control both simultaneously generally 
yielded relatively poor results. It has been illustrated by the comparison with RWS in 
Section 4.1 that this is because a single actuator is not capable of decoupling sideslip and 
yaw. it was also apparent from this comparison that an active differential is better suited to 
yaw control since, unlike with RWS, sideslip control can only be achieved indirectly (via 
modification of yaw motion). 
Even when restricted to pure yaw rate control, Section 3 has already shown that an ideal 
controlled differential can yield significant potential benefits. However, Sections 4.2 and 4.3 
have shown that, even with an ideal actuator, there are limitations to what can be achieved. 
This is due to the fact that the yaw moment applied by the differential is generated through 
the tyres and it is their saturation limit that governs the control authority of an ideal active 
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differential. Whilst this control authority is generally sufficient to minimise the neutral steer 
cost throughout the vehicle's operating range in the steady state, it did not always prove to 
be sufficient in transient manoeuvres carried out at the limit or on low-P. The limitation in 
such cases was always in the differential's ability to generate an understeering yaw 
moment. This is due to the fact that understeering yaw moments are generated through 
torque transfer to the inside rear wheel, which has significantly reduced longitudinal force 
capacity at high lateral accelerations. Since the opposite is true of the outside wheel, the 
differential is obviously a more powerful device for reducing understeer than increasing it 
(suggesting that should it be desirable to use the differential to modify the vehicle's 
handling balance it would be advantageous if the uncontrolled vehicle were biased towards 
understeer). However, despite any limitations in the controlled differential's ability to 
generate understeer it has still been shown to be effective at maintaining stability in 
manoeuvres where it would otherwise be lost on both high and low-p surfaces. 
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5 Active Differential Hardware 
The preceding sections demonstrated the performance benefits that are available with 
unrestricted control over torque transfer at the rear wheels. This section will consider how 
this may be achieved in practice and how the limitations of current technology may 
influence the performance witnessed in the previous sections with an 'ideal' differential. 
As discussed in Section 1.3, there are two principal types of active differential; the 
'conventional' active limited slip differential (ALSID) where torque is always transferred to 
the slower wheel and the torque vectoring differential (TVID), which gives control over the 
direction and magnitude of the torque transfer applied. In order to assess the performance 
of each of these against the ideal differential, models are created of the ALSID and TVID in 
Sections 5.1 and 5.2 respectively. Lastly, in Section 5.3, their performance is then 
compared to the ideal case across a range of driving manoeuvres in the simulation 
environment. 
Note at this stage, actuator dynamics are still ignored, thus allowing the same yaw moment 
controller that was applied to the ideal differential to be applied here (increasing the validity 
of the performance comparison). Actuator dynamics are considered in detail for the on- 
vehicle application described from Section 7 onwards. 
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5.1 Active Limited Slip Differential (ALSD) Model 
ALSDs are characterised by the fact that they will always transfer torque to the slower 
wheel. As discussed in Section 1.3.1, the vast majority of systems using them employ a 
wet fdction clutch pack to transfer torque between the driveshafts. The ALSID modelled 
here therefore assumes a wet friction clutch pack in between the differential carrier and one 
of the output shafts (see Section 1.3.1, Figure 1.3). This also mirrors the configuration of 
the ALSID applied to the prototype vehicle (Section 7) and the model developed here is 
therefore also employed in the virtual analysis of the on-vehicle application in Section 9. 
5.1.1 Torque Distribution 
Positioning the clutch pack between the differential casing and one of the driveshafts 
means that only half of the torque transferred between the clutch plates of an 
ALSID is effectively transferred between the wheels, 
T- _______ r7 2 
(5.1) 
T, = 
T' 
+ (5.2) 
1? 2 
Since the torque transfer request from the yaw moment controller (AT) is between the 
wheels, the requested torque transfer (ATclachReq) for the ALSID's dutch pack is obtained 
from, 
ATClulch 
Re q =2-AT (5.3) 
ATcl.,, h is obtained from 
ATclutchReq using the clutch pack model described next. 
5.1.2 Clutch Pack Model 
The friction torque transfer produced by the clutch pack of an ALSD is a function of the 
normal force applied to the clutch plates, the number of clutch plates and the clutch plate 
friction coefficient and effective radius, 
ATcl. 
h = 
F, - r, - n. -, u, 
(Aco, ) (5.4) 
However if p, (Ao), ) is normaiised then F-r, - n, may simply be represented as the 
requested clutch torque transfer T 
( Ll Clutch Re q 
A TCI. Ich ýA TClutch Re q' XTA O)J 
(5.5) 
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This therefore avoids the need for the specification of clutch pack dimensions in the model, 
all that is required is a suitable representation of ýTA-oý). 
C 
Figure 5.1: Classical (a) and Karnopp (b) friction models [Deur, 2000] 
The friction model employed here to represent g, FAo)ý , 
is based on that proposed by 
Karnopp (1985). Although this was developed for a dry friction clutch, it is possible to 
represent the characteristics of a wet friction clutch in the same manner as its dry friction 
counterpart [Yang, 1998]. Generic representations of the classical and Kamopp friction 
models are shown in Figure 5.1. 
A Karnopp model was used to overcome the following inherent drawbacks of a classical 
friction model (Figure 5.1a) [Deur, 2000]: 
0 Classical friction models may result in incorrect physics in the zero slip region (e. g. a 
slow creep instead of stick). 
Classical friction models require a steep slope around zero speed, necessitating a 
small simulation step size for acceptable accuracy. In the case of a differential model 
the required step size is likely to lead to unfeasibly large simulation times. 
Classical friction models can incorrectly predict stick slip system behaviour because of 
incorrect friction description in the zero speed region. 
The Kamopp friction model [Karnopp, 19851 avoids these difficulties by introducing a 
narrow stiction region (JAco, j < Aco,,,, k ) in which the static friction torque transfer does not 
depend on the relative speed but on the external reaction torques of the complete system 
model (ATF, ), saturated by the value of the breakaway torque transfer (AT, ), 
AT, 
tzck sat(AT,,,, ±AT, ), for JA(t), j< A 
(1)31ick (5.6) 
In the case of a rear differential in a rigid body driveline model, the reaction torques are 
obtained from the product of tyre force and rolling radius, 
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T=F-R, - F, - R,. (5.7) F-vt X, x 
Meanwhile the breakaway torque is the equivalent of the requested clutch torque transfer 
('1'Ii, 
tchReq) 
In the slipping region the friction torque is described by Equation 5.5, where u, (-A-(ý) is 
described by a classical friction model, 
(A + )e + K, lAwljsp(A(oc), for I Aa), I>A (Ostick 
(5.8) 
Equation 5.8 thus confirms that the sign of the torque transfer from an ALSID is a function of 
clutch pack (and therefore wheel speed) difference. Note that the parameters in Equation 
5.8 determine the shape of the ýt - slip curve in the sliding region. The choice of these 
parameters is discussed in Appendix D, where it is shown that the performance of an ALSD 
is relatively insensitive to the shape of p- slip curve. Hence the final expression for 
differential locking torque can be written as, 
ATcl. 1ch 
= 
ATClutchReq 
, uc(Ao)c)5 
for JA(vc I> Aco,,, 
(5.9) 
sat(ATE., ±ATCI.,: h Rcl otherwise 
5.1.3 Differential Operation 
In order to account for the fact that the differential can only transfer torque in one direction 
(to the slower wheel), an additional 'feasibility function' needs to be added at the output of 
the controller that checks the feasibility of the request. As described above, the direction of 
torque transfer is dictated by wheel speed difference and so if this is defined as, 
AO) = W, -01 (5.10) 
then this function can be formed from simple rules based on the logic table below. 
Torque Transfer Demand 0) CO Action 
+ + Accept Request 
+ Block Request 
+ Block Request 
Accept Request 
table 5.1: Feasibility Function Logic 
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5.2 Torque Vectoring Differential (TVD) Model 
The key drawback in terms of controllability of ALSDs is that they will always transfer 
torque to the slower rotating wheel. TVIDs remove this restriction and allow control over 
direction as well as magnitude of the torque transfer. As discussed in Section 1.3.2, there 
are numerous mechanical configurations for a TVD. The device that is modelled here is 
based on that described by Sawase (1999). It is chosen because it is known to be in 
production (on the Mitsubishi Evo VII) and because data for the gear ratios employed is 
available. 
5.2.1 Speed and Torque Distribution 
A schematic of the TVID 
under consideration here 
is shown in Figure 5.2. 
Its operation can be 
illustrated by considering 
the governing equation of 
a bevel gear type 
differential where the left 
and right wheel speeds 
(w, and w, ) are related 
to the differential canier 
speed (oj,,, ) as follows: 
Wi + 0)r 2 2m, ý, 
(5.11) 
Input Slowed-down shaft (B) 
Differenbal 
geanng 
II I- T-, T-1 
To left hand 
wheel 
Differentai 
case 
Zi 
F 
Z3 
Z2 
Z5 
Z6 
Cartier 
Three gang 
Left hand 
geating clutch 
(CI) 
Speeded-up 
shaft (A) 
To dght 
hand wheel 
Right hand 
clutch (Cr) 
Figure 5.2: TVD schematic [Sawase, 1999] 
The teeth numbers indicated in Table 5.2 (see Figure 5.2 for gear positions) allow gear 
ratios to be calculated between the right and left hand inner clutch plates and the 
differential cage speed, 
0) 
'-1-5 Nr 
Z4Z2 
W, i 
= Ni = 
Z] z6 
(oca Z. 3 Z4 
Substituting the teeth numbers shown in Table 5.2 
yields, 
(o, = 1.125co, 
Gear Number of Teeth 
ZI, Z2, Z3 42 
Z4 32 
Z5 36 
Z6 28 
Table 6.2: Differential gear teeth 
numbers [Sawase, 19991 
(5.14) 
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o), j = 0.875(t),,, (5.15) 
thus confirming that the right hand clutch is 'speeded up' relative to the differential cage 
and the left hand clutch is slowed down. It therefore follows that if the right hand clutch is 
locked, 
w,, = w, = 1.125, rt),,, (5.16) 
and to satisfy Equation 5.11, the left hand wheel speed must be, 
o), = 2co,,, - 1.125w,,, = 0.875co,,, 
if the vehicle is considered to be travelling in a straight line, so that initially w, = w, = w,,,, 
it can thus be seen that the right hand wheel will be speeded up by 12.5% whilst the left 
hand wheel will be slowed down by 12.5%. Note that in order to generate this symmetrical 
behaviour left to right, the following relationship must also be true, 
N,. (5.18) 
The maximum wheel speed difference that can be generated with these gear ratios is 
therefore 25% and can be obtained from, 
Aw.. = N, - N, (5.19) 
Provided the wheel speed difference falls within this range, the allowable wheel speed 
difference (AWSID), it is possible to control which wheel is speeded up and which is slowed 
down by selectively operating the two clutches. 
Substituting Equation 5.19 into 5.18 allows the gear ratios to be expressed in terms of 
desired AWSD, 
N, 
Aco max 
2 (5.20) 
ACO max NI =I-- 2 
The relationship between the torque transfer at the clutches and the torque transfer 
between the wheels can be illustrated via separate analysis of torque balances across the 
three gang gearing, the differential gearing and the differential case respectively (Figure 
5.2). Considering engagement of the right hand clutch alone; a torque transfer introduced 
42Lýl PhD Thesis 93 
JAGUAR 
Vehicle Handling Control using Active Differentials 0 
Loqghýorough 
Univcmity 
at this clutch (AT ), will induce a reaction torque through the three gang gearing, on the cr 
differential case ( Ij with the relationship, 
-4 7, 
x- -I-Al,, =0 zi Z2 
(5.21) 
Because the differential's bevel gears will always supply an equal amount of torque to their 
left and right hand output shafts, 
(5.22) 
These relationships can then be combined with a torque balance on the differential case, 
71 - T. - TI - (Tr - ATcr) =0 (5.23) 
to give, 
7' -- 
,-ý- -[-ý A7, T, 2 2Z4'72 
(5.24) 
A similar rearrangement of these equations can then be used to yield the following 
expression for the right hand wheel torque, 
. 1ý5 T+I- AT,, 
r 2z. z, 
Substituting Equations 5.12 and 5.13 yields, 
Ti N 
T= -'AT =: > T=-7"-0.5625Mý, 1222 
T, = 
L' 
+I- 
ýLf 
AT, => Tý =. 
L 
+ 0.4375A'ýr 222 
(5.25) 
I 
(5.26) 
(5.27) 
It can thus be seen that a TVID removes more torque from one wheel than it adds to the 
other and that the total torque flowing to the wheels is reduced according to, 
T, +T, =T, +(I-N,. )AT,, => Tj-0.125AT, (5.28) 
The difference in the torque applied to the two wheels is still, however, simply the clutch 
torque, 
-A7ý (5.29) 
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A similar analysis of the torque balance during left hand clutch engagement yields the 
following expressions for left hand, right hand and total wheel torques, 
Ti 
+N1 
? 1) + 
0.4375AI',, (5.30) 
T, N, 
71 
r=2_(I_2 
)TC1 
T, +T,, 
0.5625ATj 
T, -0.125ATj 
T, - T, = ATj 
(5.31) 
(5.32) 
(5.33) 
Although no advantage is to be gained from engaging both clutches simultaneously, delays 
in the actuator time response make such a scenario possible. Combining Equations 5.26 
and 5.30 (for the left hand side) and Equations 5.27 and 5.31 (for the right hand side) 
therefore gives the complete expressions for wheel torque, 
'i Nr N 
T, = 1) -? 
AT, + Al',, (5.34) 
Tr = 
L, 
+ I_ 
Nr IA Tj (5.35) AT, 
r- 
I-L 
2( 1) 1) 
Note that these equations show that, as with an ALSID, control over the lateral torque 
difference at the wheels is independent of engine torque. 
5.2.2 The Clutches 
Wet friction multi-plate clutches are also used in TVDs. The same clutch pack model as 
described in Section 5.1.2 will therefore also be used here for modelling a TVD. 
5.2.3 Differential Operation 
Upon receiving a torque transfer demand from the yaw moment controller, it is necessary to 
engage the appropriate clutch to allow the differential to transfer the desired level of torque. 
A series of simple 'if, then' rules can be used to achieve this. However, it is first necessary 
to define the sliding speed of the two clutches, 
Aco, =co, -ct),. (5.36) 
Ao),, (5.37) 
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The sign of the sliding speed is significant in deciphering whether or not it is possible to 
transfer torque in a particular direction. For example, if (negative) torque transfer to the 
right hand wheel is required, then it is clear from Section 5.2.1 that the right hand clutch 
should be engaged, provided that AT, is positive. However A7,,,. will only be positive if 
shaft 'A' (Figure 5.2) is travelling faster than the right hand driveshaft and hence if A(t),,,. is 
also positive. If it is not, then engaging the right hand clutch will only serve to reduce the 
speed of the right hand wheel (and thus reduce the torque flowing to it) and so the clutch 
should be disengaged. Similarly, when attempting to transfer torque to the left hand wheel, 
shaft '13' must be travelling slower than the right hand driveshaft and hence A(o,, must be 
positive. The rules for clutch selection are thus as shown in the table below. 
Torque Transfer Demand 
+ 
Act), 
NA 
Am,, 
+ 
Action 
Engage left hand clutch 
+ NA Disengage both clutches 
+ N Engage right hand clutch 
NA Disengage both clutches 
Table 5.3: TVO operation 
Note that when torque transfer to the slower wheel is being attempted the sliding speed will 
always be in the required direction. However, when attempting to transfer torque to the 
faster wheel, this will depend on the gear ratios employed. With the gear ratios shown in 
Table 5.2, the sliding speed will always be in the correct direction if there is less than a 25% 
difference between the wheel speeds (see Section 5.2.1). 
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5.3 Performance 
This section will use three different driving manoeuvres to compare the performance of an 
ALSID and TVID with the ideal equivalent discussed in Sections 3 and 4: 
" Swept Steer - to enable analysis of steady state under and oversteer generation 
capacity 
" Braking in a Turn - to enable analysis of stability control performance 
Double Lane Change - to enable analysis of yaw / stability control performance whilst 
the tyres are highly vulnerable to saturation 
The controller employed for this analysis is identical to that employed in Sections 3 and 4 
(with the saturation in the reference model described in Section 4.2 included). In the case 
of the ideal differential, the torque transfer request from the controller is applied directly to 
the vehicle. However, in the case of the ALSID and TVD, the request is applied through 
their respective differential models, described in the preceding sections. At this stage, the 
actuator limitations of clutch torque capacity and response time are not included. 
Note that the controller settings, particularly the target understeer gradient, are varied for 
each manoeuvre. However unless explicitly stated otherwise the input scalings used 
throughout are 40000 for the primary feedback and 60000 for the secondary feedback. 
5.3.1 Swept Steer Test 
A swept steer test of the type described in Section 3.5.3 can be used to enable the 
calculation of a vehicle's steady state understeer gradient. By finding the maximum and 
minimum understeer gradient targets that can be set in the primary feedback's cost function 
(Equation 3.23), the test can therefore be used to determine the steady state operating 
envelope of the different types of differential under consideration. 
(i) Ideal Differential 
Figure 5.3 shows the results from a 20mls swept steer test, illustrating the maximum and 
minimum understeer gradients that can be achieved with an ideal differential. Through 
torque transfer to the inside wheel (Figure 5.3b) it is possible to increase the passive 
understeer gradient by up to 2.5 times. Similarly, via torque transfer to the outside wheel, it 
is also possible to generate steady state oversteer, to the extent that an 'understeer' 
gradient of up to -2.25 times the passive value may be obtained. In both cases the limiting 
factor is the tyres, with the peak of the g-slip curve being reached on the tyre to which 
additional torque is being transferred. The absolute change in understeer gradient (from 
the passive value) is larger in the oversteer case as oversteer is generated by transferring 
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torque to the outside wheel and this, being more heavily loaded, is capable of accepting 
more driving torque than the inside wheel (Figure 5.3b). Obviously, it is also possible for 
the differential to generate an understeer gradient anywhere in between these two 
extremes, such as neutral steer (Figure 5.3a). 
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Figure 5.3: 20mls swept steer test results for an ideal controlled differential with various 
understeer gradient targets (K'denotes the passive vehicle's understeer gradient). 
(ii) TVD 
As described in the preceding section, a TVD is capable of transferring torque to both the 
faster and slower wheels, enabling the generation of both over and understeer respectively. 
With the gear ratios defined in Section 5.2.1 permitting up to a 25% AWSD before 
directional authority over torque transfer is lost, it is therefore possible for a TVD to match 
the performance of its ideal counterpart almost identically. This is illustrated in Figure 5.4, 
where it may be observed that the traces for ideal and TVD cases are almost perfectly 
overlaid. 
It is the AWSD that determines the TVD's ability to match the ideal differential in this case. 
In fact, the 25% specified by Sawase (1999) appears rather generous for this application. 
As can be observed from Table 5.4, an AWSD of just 14% is required to achieve the steady 
state operating envelope displayed in Figure 5.4 and if only neutral steer characteristics are 
required, this figure drops further to 9%. 
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Figure 5.4: 20mls swept steer test results for ideal and torque vectoring differentials with various 
understeer gradient targets (K' denotes the passive vehicle's understeer gradient) - 
Passive understeer gradient multiplication factor 
(Passive = 1.80/g) 
Minim6m -AWSD 
Required 
2.5 7 
0 9 
-2.25 14 
Table 5.4: Minimum A WSD required for production of various understeer gradients 
ALSD 
The steady state operating envelope of an ALSID is significantly more limited than an ideal 
differential as illustrated in Figure 5.5. ALSDs do not have the capability to transfer torque 
to the faster (outside) wheel and hence cannot generate steady state oversteer. Even in 
the generation of understeer, they are also more limited than an ideal differential. As can 
be observed from Figure 5.5a, despite the controller's understeer gradient target being set 
to 2.5 times the passive value, the ALSID only achieves an increase of circa 1.5. The 
reason for this discrepancy is that an ALSD cannot produce as much torque transfer to the 
inside wheel as its ideal counterpart (Figure 5.5b). This is because it relies on the 
presence of a rear wheel speed difference to be able to transfer torque and hence once the 
differential becomes locked (as it does in this case) it is not possible to transfer any further 
torque to the inside wheel. 
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Figure 5.5: 20mls swept steer test results for an ideal differential and an ALSD with various 
understeer gradient targets (Y'denotes the passive vehicle's understeer gradient). 
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Figure 5.6-- 10mls swept steer test results for an ideal differential and an ALSD with an 
understeer gradient target of I-8 times passive (K'denotes the passive vehicle's understeer 
gradient). 
The ALSID's dependency on wheel speed difference means that its steady state operating 
envelope will vary depending on the radius of turn. Smaller radii of turn generate larger 
wheel speed differences enabling an ALSD to generate more torque transfer, and hence 
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more understeer, before the differential becomes locked. This can be illustrated by 
carrying out the same swept steer test at a lower speed, in this case I Om/s, so that the 
vehicle will be travelling on a smaller radius. The results are shown in Figure 5.6, where it 
may be seen that the ALSID is now capable of generating an understeer gradient increase 
of 1.8, matching the performance of the ideal differential. 
Note that the understeer generation capacity of the ideal differential appears to have 
actually reduced at this speed (at 20m/s the maximum understeer gradient that could be 
generated was 2.5 tirties the 
passive value). This is in spite of 
the fact that the yaw moment 
generation capacity of an ideal 
differential is independent of 
speed. In theory, the incremental 
increase in understeer gradient 
that it can produce should 
therefore also be independent of 
speed. This is in fact still the case 
here; the apparent reduction in 
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Figure 5.7: Passive understeer gradient generated by 
the swept steer test at various speeds steering 
capacity is simply due to the -. 1 ---- 
vehicle's passive understeer gradient being more neutral between around 0.4 and 0.7g at 
10mls than at 20m/s (Figure 5.7). Therefore whilst an understeer gradient increase of 2.5 
is still possible at 10m/s in the linear region (up to around 0.4g), it is not possible to sustain 
such an increase beyond this because the passive vehicle becomes significantly more 
neutral. 
This speed dependency in the passive vehicle's understeer gradient is caused by the non- 
linearities in the steering system. At lower speeds, higher steering inputs are required to 
produce a given lateral acceleration and during aI Om/s swept steer test the steering inputs 
are in the range where both the rack ratio and the Ackermann geometry becomes highly 
non-linear. As can be observed in Figure 5.7, if these non-linearities are removed, the 
understeer gradients generated at 10m/s and 20m/s become almost identical. 
5.3.2 Braking in a Turn Test 
in order to analyse the effectiveness of each type of differential in a stability critical 
scenario, a closed loop braking in a turn test is used. Here, the vehicle is driven on a 185m 
radius trajectory at a speed of 38m/s, then, once a steady state comering condition is 
reached, the brakes are applied to give an average deceleration of approximately 0.4g. 
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Unlike the test described in Section 3.5.2, the steering is controlled to maintain the 185m 
radius trajectory throughout the test, thus enabling a comparison of the driver workload 
required to stabilise the vehicle in each case. It should be noted that, as pointed out in 
Section 3.4.4, the output from the driver model has a tendency to include high frequency, 
low amplitude noise which can manifest itself as noise on the control input (due to the use 
of the steering input in the primary feedback). However due to its high frequency the effect 
of this on the vehicle's performance is negligible. 
(i) Ideal and TVID 
The performance of the ideal and torque vectoring differentials during this manoeuvre is 
shown in Figure 5.8. As descdbed in Section 3.5.2, the application of the brakes during the 
test causes the vehicle to oversteer. As a result, in the passive case, the driver has to 
apply 2150 of counter steer to maintain stability after the brake application (at 10 seconds, 
Figure 5.8a). As in the swept steer test, the performance of the ideal and torque vectoring 
differentials, with a neutral steer target, is almost identical here. Application of torque 
transfer to the inside wheel once the brakes have been applied (Figure 5.8b) stabilises the 
vehicle to such an extent that the ddver needs to adjust the steedng wheel by less than 40 
and no counter steer is required. Note also that since the controller's target is neutral steer, 
the steedng wheel angle required to negotiate the turn (prior to the brake application) is 
vastly reduced (from a steady state of 5311 to 1511). 
100 
50 
- 0, 
. 60 
100 
C, -150 
1000 r ............................................................ 
E 500 ---- ------ ------- ------- ------- 
o 
or 
-600 ............... ------- ------- ------- -------------- 
-1000 024a8 10 12 14 
Ttfm (s) 
b) 
Ideal - Actual 
026 ------------- ... - -------------- ------------------ ------------------- ------------------J------- Ideal - Reference, 
TVD -Actual 
02 ........... .... ..... ........... TVD Roferenes 
.................. ................. ------------ ----------- ------- 
----------------- ------- --------------------------- 
I- 
----------------- 
- 
------------------------- ------------------------- ------ 
0.06 
0.1 -------- ------ .................. ------------------- ------_---------- ------------------------------------------------------- 
--------- ------- ------------------------------------ ------------------ ------_---------- ------------------ ------------------ 
0 
02468 10 12 14 
Time (a) 
C) 
Figure 5,8. - 38MIS closed loop braking in a turn test with passive, ideal and torque vectoring 
differentials. Brakes applied at 10 seconds. Target understeer gradient = Orad1g. 
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(ii) ALSD 
The performance of the ALSD during the same manoeuvre, with the same neutral steer 
target, is shown in Figure 5.9. As can be observed in Figure 5.9a, the ALSD has no impact 
on the driver workload up to the point of the brake application since it is not capable of 
generating the oversteering yaw moment required to counteract the vehicle's passive 
understeer characteristic. It is capable of generating an understeering yaw moment 
though, and is therefore able to reduce the counter steer required from the driver (to 330) 
once the brakes are applied. However, this is not as effective as in the ideal case where 
counter steer is eliminated entirely. The reason for its reduced effectiveness here lies in 
the use of an unobtainable (for an ALSID) neutral steer target. As illustrated in Figure 5.9c, 
with the ALSD the vehicle is producing a yaw rate prior to the brake application that is 
almost 0.5rad/s below the target. When the brakes are applied, the yaw rate therefore has 
to increase significantly before it exceeds the target and oversteer is detected. This 
creates a delay of 0.25 seconds (relative to the ideal case) before stabilising torque is 
transferred to the inside wheel - resulting in a less stable vehicle. 
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Figure 5.9: 38mls closed loop braking in a turn test with passive, ideal and ALSD differentials. 
Brakes applied at 10 seoonds. Target understeer gradient = Orad1g. 
This delayed response from the ALSID can be eliminated by setting the target understeer 
gradient to match that of the passive vehicle (Figure 5.10). This target is more applicable 
for an ALSD as it can only perform yaw control when the vehicle is oversteering relative to 
its passive state. As can be observed from Figure 5.10c, this significantly reduces the 
delay (to 0. Il seconds) before torque transfer is applied to the inside wheel after the brake 
40s:. ý 
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application. The resultant effect on driver workload is therefore much closer to the ideal 
case (when this is also set to achieve the same understeer gradient target) and counter 
steer is completely eliminated (Figure 5.10a). Note that there is still some discrepancy 
between ALSID and ideal cases because the ALSID is unable to combat the additional 
understeer (relative to the reference model) that the vehicle is exhibiting prior to the brake 
application because it is in the non-linear region. This suggests that the ALSID's 
performance in this test may be improved further through the use of a non-linear understeer 
gradient target. The implications of modifying the target in this way are discussed further in 
Sections 8 and 9. 
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Figure 5.10: 38mls closed loop braking in a turn test with passive, ideal and ALSD differentials. 
Brakes appliedat 10 seconds. Target understeer gradient= 0.032rad1g. 
5.3.3 Double Lane Change 
A closed loop double lane change of the type described in Section 4.2.3 is used to further 
analyse the relative merits of the different types of differential. The results are described 
below. 
(i) TVD 
The performance of the ideal differential in this test (described in Section 4.2.3) was limited 
by the yaw moment generation capacity of the tyres. Indeed, to avoid saturation, it proved 
necessary to heavily reduce the controller gains. Its performance is compared to a TVD, 
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run with unmodified controller gains, in Figure 5.11. As can be seen from Figure 5.11 a, 
despite running with unmodified gains, the vehicle with the TVD is stable and actually 
delivers improved performance in the first part of the manoeuvre compared to the ideal 
case. 
The reduction in driver workload relative to the ideal case in the first part of the manoeuvre 
is due to the fact that the controller gains did not need to be reduced in the TVID case in 
order to protect against tyre saturation later in the manoeuvre. Tyre saturation does not 
occur with the TVID because the torque that it can transfer is limited by its AWSD. It is 
therefore not capable of delivering a requested torque that would have saturated the tyres 
with an ideal differential (Figure 5.11 b). This result illustrates that a TVID is inherently more 
robust than its ideal counterpart since, by selecting an appropriate AWSID, it is possible to 
ensure that it will never be capable of saturating the tyres. 
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Figure 5.11: 22mls closed loop double lane change test with passive, ideal and torque vectoring 
differentials. 
For Ideal case: KF1 0.0 1 and u., = 40000 and Um2 = 1000 
For TVD case: KF1 I and u., = 40000 and u,,,, = 60000 
(ii) ALSD 
The performance of the ALSID in this test is compared with the ideal case in Figure 5.12. In 
order to avoid the issues highlighted in the braking in a turn test, in both cases the target 
understeer gradient is set to match that of the passive vehicle. 
---------- .............. 
............. 
..................... .......... ....... ............. 
ý* . ................................ .............. 
------------------ -- ------- ------------------ - --------- 
--- 
.......... ------------------ 
------ - ---------------- -- ----------- 
------------------------------ ---- ---- --- ------------ ---------- 
V 
------------------ -------------- - ----------- 
05-ý, PhD Thesis 105 
JAGUAR 
Vehicle Handling Control using Active Differentials 
0 Loughlýorough V 
Univcmity 
Despite its limited torque transfer capacity (as discussed in Section 5.3.1 and illustrated in 
Figure 5.12b), the ALSD still offers similar performance to its ideal counterpart in this test 
(Figures 5.12a and 5.12c), reducing the counter steer on the exit of the lane change 
(between 3.5 and 4.5 seconds) by 1210 Oust 130 less than the ideal case). As with the 
TVD, it also did not prove necessary to modify the controller gains for the ALSD, whilst in 
the case of the ideal differential a significant reduction was required to prevent tyre 
saturation. This is again because, with an ALSD, once the wheel speed difference falls to 
zero and the differential becomes locked, it is not possible to transfer further torque to the 
inside wheel (Figure 5.12b). In a similar manner to a TVD, the ALSD is therefore robust 
against causing tyre saturation off throttle. 
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Figure 5.12: 22mls closed loop double lane change test with passive, ideal and ALSD 
differentials. 
For Ideal case: KF1 :=0.0 1 and u., = 40000 and Um2 = 1000 
For ALSD case: KF1 =I and u .. I= 
40000 and Um2 = 60000 
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5.4 Summary 
In this section two practical types of differential have been introduced, torque vectoring and 
active limited slip and their respective capabilities have been compared with an ideal 
differential. The main findings are summarised in each case below. 
5.4.1 ALSD 
The yaw moment control authority of ALSDs is significantly limited by the fact that they can 
only transfer torque to the inside wheel. This means that they can only generate 
understeer off throttle and are therefore only suitable for stability control rather than 
continuous yaw rate control. Even their understeer generation capacity is limited when 
compared to an ideal differential because the torque transfer they can generate saturates 
once the differential becomes locked. However, despite these limitations, it has been 
shown that, in stability control scenarios such as braking in a turn or double lane change, 
an ALSID is able to generate sufficient understeer to deliver similar reductions in driver 
workload to an ideal differential. The fact that ALSDs are incapable of causing tyre 
saturation off throttle also makes them inherently more robust than ideal differentials and 
eliminates the need for different controller gains for different manoeuvres. Finally, it has 
also been shown that in order to extract the best performance from an ALSID the target 
understeer gradient in the controller should be set equal to or higher than that of the 
passive vehicle (since it is not possible to generate a reduction in understeer). 
5.4.2 TVD 
TVDs are capable of transferring torque to both the faster and slower wheels and can 
therefore induce both understeering and oversteering moments. In theory they are 
therefore able to give identical performance to their ideal counterparts. In practice, the 
extent to which they can do this is governed by their AWSD; once the wheel speed 
difference increases beyond this limit they can no longer transfer torque in the direction of 
the faster wheel. However, the swept steer results have illustrated that in order to achieve 
similar yaw moment authority to an ideal differential, the required AWSID would not be 
impractical. 
The fact that their torque transfer capacity is ultimately limited by their AWSID also makes 
them inherently more robust against tyre saturation than an ideal differential. This was 
illustrated by the fact that it was not necessary to modify the controller gains for the double 
lane change manoeuvre. It is therefore unlikely that gain scheduling or additional control 
loops (as discussed for the ideal differential in Section 4.3) would be required for a practical 
implementation of the controller with this type of differential. 
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6 Brake Intervention Based System 
The vast majority of stability / yaw controllers currently in production rely on single wheel 
braking to generate the yaw moment they require. This section will compare such a system 
(which will henceforth be referred to as an 'Active Brake Controller' (ABC)) with the 
performance of the TVID and ALSID, the objective being to highlight advantages and 
disadvantages in terms of both vehicle dynamics and efficiency. In all cases the TVID used 
to compare performance will be equipped with gear ratios permitting an AWSID of 25%. 
6.1 ABC Controller Desiqn 
In order to make the comparison between the actuators as meaningful as possible, the 
ABC controller design is precisely the same as that developed in Section 3 for the active 
differential. Although the output from this controller is torque transfer, it is essentially 
demanding a yaw moment (see Section 3.2.2) which can be obtained from, 
Nd 
=AT 
t 
R,. 
It is therefore possible to use the same controller here because an ABC system simply 
uses the brakes, instead of the differential, to generate the same yaw moment. 
fo% 
- ve 
Having obtained a desired yaw moment it is then simply 
necessary to decipher how the brakes should be applied 
to generate it. Single wheel braking only is used here 
and four simple rules are used to determine which brake 
is chosen [Smakman, 2000]. It is clear from Figure 6.1 
that, if the desired yaw moment is negative, one of the 
right hand brakes should be employed, whilst if it is 
positive, one of the left hand brakes should be 
Fig re 6.1: Application of P 
negative yaw moment via 
right front brake 
employed. Whether that brake is at the front or the rear 
depends on whether the required yaw moment opposes 
or is in the same direction as the vehicle is turning. This 
is because the application of the brakes not only generates a longitudinal force but, due to 
the effects of combined tyre slip, it also reduces the lateral force capacity of the tyre in 
question. If the required yaw moment is in the same direction as the vehicle is turning, a 
rear brake should therefore be used, as a reduction in lateral force at the rear will increase 
the absolute yaw moment applied to the vehicle. Conversely if the required yaw moment is 
in the opposite direction to which the vehicle is turning, a front brake should be used, as a 
VZL-l I PhD Thesis 108 
)AGUAR 
Vehicle Handling Control using Active Differentials 0 Lough"ugh University 
reduction in lateral force at the front axle will reduce the absolute yaw moment applied to 
thevehicle. The resulting brake selection logic is shown in Table 6.1. 
Nd > () 1 Nd <0 
r>O 1312 
r<O 11 
Table 6.1: Brake Selection Logic 
(see Figure 6.1 for brake numbers) 
Having chosen the wheel to brake, all that remains is to calculate the torque that should be 
applied. The braking force generated by the application of braking torque at a single tyre 
may be written as, 
Fb 
Tb 
(6.2) 
R, 
As with the active differential, the impact on lateral forces is ignored here and so the net 
yaw moment generated as a result of this braking force may be written as, 
Nd t Fb (6.3) 
2 
Finally, the braking torque required at the chosen wheel is therefore given by, 
Tb = 
2-Nd R, 
(6.4) 
t 
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6.2 Performance 
An active differential (of any type) and an ABC system both attempt to create a desired yaw 
moment in an almost identical manner - by creating different longitudinal forces on each 
side of the vehicle. However, the differential achieves this by increasing the longitudinal 
force on one side and reducing it on the other, whilst the ABC system simply reduces the 
longitudinal force on one side of the vehicle. The ABC system also has the option of using 
the front tyres to produce a required yaw moment whilst the differential is restricted to using 
the rear tyres only. As a result of these differences (and the non-linear nature of the tyres) 
the performance of the two types of actuator is not always identical. As in Section 5, three 
different manoeuvres are chosen to illustrate this: 
0 Swept Steer - to analyse steady state under and oversteer generation capacity 
0 Braking in a Turn - to analyse stability control performance 
9 Double Lane Change - to analyse yaw / stability control performance whilst coasting 
In addition to illustrating the differences between the two types of actuation systems in 
terms of vehicle dynamics, this section will also focus on their relative efficiency by 
assessing the energy dissipated by each control system during the above manoeuvres. 
6.2.1 Controller Settings 
The controller settings used for each manoeuvre are summarised in Table 6.2. For the 
swept steer test, the objective was to analyse the operating envelope of the systems so the 
maximum and minimum achievable understeer targets are used. For the braking in a turn 
and lane change manoeuvres, a neutral steer target was chosen when comparing TVID and 
ABC as this allows analysis of the system's relative abilities both in terms of continuous 
yaw rate control (sub-limit) and stability control. 
Target Understeer Gradient Input Scaling 
Manoeuvre (multiple of passive) TVD ALSD ABC 
TVD / ABC ALSD / ABC U. 1 
Un2 U. 1 U .. 2 
Swept Steer -2.25 
(min. ) 
3.65 (max. ) 
3.65 40000 60000 20000 20000 
Braking in a Turn 0 1 40000 60000 30000 40000 
Double Lane Change 0 1 40000 60000 7000 
Table 6.2. - Controller settings used for comparison between active differential and ABC 
As discussed in Section 5, the ALSD is suited only to stability control rather than 
continuous yaw control and so for comparison with ABC, the controllers target understeer 
gradient is set to equal that of the passive vehicle for the braking in a turn and lane change 
manoeuvres. In addition, only interventions to correct oversteer are allowed to pass to the 
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brakes for the comparison with the ALSID. This is to enable a more meaningful comparison 
of their energy consumption as they will both be achieving the same functionality (the ABC 
system would otherwise appear more inefficient). It should be noted that the input scalings 
used for the ABC controller were the maximum that could be set before high slip occurred 
as a result of the braking torques applied and performance therefore started to degrade. 
6.2.2 Energy Analysis 
in order to asses the relative efficiency of the control systems, the energy dissipated during 
each of the manoeuvres discussed in this section is calculated. This is achieved by 
breaking down the energy sources and sinks present in the vehicle model into the 
components detailed in the table below- 
Sources -da-Imilati-on- (J-)----- Type 
dt 5' Powertrain T- co 
f 
,,, CD 
0 
4 
Tyre Longitudinal Slip 1] f h.,, - 
(r,, 
w,, - U, ý 
dt 
4 
Tyre Lateral Slip If I, - -V dt 
n=1 
Brakes 
4 
f Týý - w,, di 
Differential f 2ATj - Aw, j dt +f 2AT, - Am, dt 
Aerodynamic Drag 
f Y2 C 
DpAU' dt 
Wheels 
4 
"2, wW2 
V En 
n-I 
Vehicle Roll X IXXP2 
Vehicle Pitch Y2 
,, P 
2 
Vehicle Yaw 2 Y2 I. r (D 
J 0 
Vehicle Lateral Velocity Y2 AIV2 
Vehicle Longitudinal Velocity Y2 A"U 2 
Vehicle Vertical Velocity 2w2 Y2 
Table 6.3: Energy sources and sinks for the ten degree of fteedom vehicle model. 
Note that the vehicle is assumed to roll about its x-axis. 
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The calculation of the energy dissipated in the tyres requires knowledge of the lateral and 
longitudinal wheel centre velocities, U, and Their calculation is described in 
Appendix E. It should be noted that the kinetic and heat energy dissipated should be equal 
to the energy input and this is validated in Appendix F. 
6.2.3 Swept Steer Manoeuvre 
The swept steer test of Section 3.5.3 is again used to enable analysis of the vehicle's 
steady state understeer gradient. As in Section 5.3.1, finding the maximum and minimum 
understeer gradient targets that can be set in the primary feedback's cost function 
(Equation 3.23), then allows determination of the steady state operating envelope of the 
different systems under consideration. 
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Figure 6.2: Compafison of actuators during a 20mls constant speed swept steer test 
The results of a 20m/s swept steer test are shown in Figure 6.2. Dealing with understeer 
generation first, it can be observed from the figure that the ABC system can generate 
significantly more steady state understeer than either a TVD or an ALSD. The ABC system 
can increase the vehicles linear understeer gradient by up to 3.65 times the passive value, 
compared to a maximum of 2.5 for the TVD and 1.5 for the ALSD. The ABC system's 
greater understeer generation capacity is solely down to its ability to use the front wheels. 
In this case application of the outside front brake both reduces the lateral force capacity of 
the front axle and produces a longitudinal force which generates a yaw moment opposed to 
the vehicle's direction of turn. By contrast, the active differential must act upon the rear 
wheels, and the resulting reduction in lateral force at the rear works against the yaw 
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moment generated via longitudinal forces. A further factor in the ABC system's favour in 
this case is the fact that the front wheels are steered, since the yaw moment generated by 
the longitudinal force on a steered wheel is greater than on a non-steered wheel (for a 
vehicle with an approximately 50/50 weight distribution and a wheelbase which is longer 
than the track). 
With respect to oversteer generation, the ABC system appears to have identical capability 
to the TVD, being able to generate a linear understeer gradient -2.25 times that of the 
passive vehicle. It may have been anticipated that the ABC system would be weaker in this 
area since it relies on the lightly loaded inside rear wheel for the generation of an 
oversteering yaw moment. However, in this case this is not a disadvantage because the 
test is carried out at constant speed, necessitating an increase in driving torque to the rear 
wheels to prevent the vehicle being slowed by application of the brakes. This additional 
driving torque allows significantly greater braking torque to be applied to the inside rear 
(before it would lock) than would otherwise be the case and therefore allows a larger yaw 
moment to be produced. The result is that the longitudinal slip generated at the rear 
wheels (both inside and outside) over the course of the test is identical for the ABC system 
and the TVD. 
Assuming sufficient additional driving torque is available, it can therefore be concluded that 
ABC can mimic the behaviour of a TVD. However, the yaw moment generation of a TVD is 
independent of driving torque and this has a significant impact on the relative efficiency of 
the two systems. This is compared in the energy account for the test, carried out with 
neutral steer settings (Figure 6.3). Note that in the charts, the various vehicle kinetic 
energies (roll, pitch, yaw, longitudinal, lateral and vertical) and the energy dissipated due to 
aerodynamic drag are grouped together under'vehicie'. It can be seen from the figure that 
the TVID vehicle requires only marginally more energy (3%) to complete the manoeuvre 
than the passive vehicle (Figure 6.3b). This is because the energy dissipated in the 
differential's clutches is almost entirely offset by more efficient use of the tyres (laterally, 
Figure 6.3a) since, with neutral steer settings, the differential significantly reduces the front 
slip angles, particularly as the vehicle approaches terminal understeer. The ABC system 
also makes more efficient use of the tyres but this is not nearly enough to compensate for 
the substantial energy dissipation in the brakes. In order to achieve identical yaw moment 
control to the TVID, the ABC system dissipates 10 times more energy in the brakes than is 
dissipated in the TVID's clutches. Indeed, the amount of energy dissipated in the brakes is 
such that the input energy required to complete the manoeuvre is 2.5 times that of the TVID 
case. 
PhD Thesis 113 
JAGUAR 
Vehicle Handling Control using Active Differentials N Logghb. ofK)Ugh Unimnity 
Passive 
as 
Vehic 9 L-73 TVD ABC 
Wheels - 
Differential 
Brakes 
Tyres(LaQ 
Tyree (Long) 
0 100 200 300 400 600 SW 700 900 900 1000 IliOO 1200 J300 1400 15W 16()o j700 jG00 Igm 
Energy Dissipated (U) 
a) 
........... 
ABC 
ps give 
0 200 400 800 900 1000 1200 U00 1600 1900 2000 2200 2400 26W 2900 30 )0 
EneMy Input 00) 
b) 
Figure 6.3. - Energy account for a 20mls swept steer test with a neutral steer target. 
Note that in this test only the relative efficiency of the TVID and ABC systems are compared 
since it is unlikely that an ALSD would be used to continuously modify a vehicle's handling 
balance (as it can only generate understeer). 
6.2.4 Braking in a Turn Manoeuvre 
TVD vs. ABC 
In scenarios where stability is compromised, the ability to generate understeer by applying 
a yaw moment which opposes the direction in which the vehicle is turning is crucial. 
Therefore, it may be anticipated that the apparent superiority (illustrated in the previous 
manoeuvre) of the ABC controller in this respect may give it an advantage over the TVID in 
such circumstances. However, a closed loop braking in a turn manoeuvre of the type 
described in Section 5.3.2 demonstrates that this vAll not always be the case. 
The manoeuvre was carried out with a neutral steer target for the controller and the results 
are shown in Figure 6.4. As can be seen from Figure 6.4a, up to the point where the 
brakes are applied, the two actuators apply an almost identical yaw moment as they 
attempt to generate neutral steer characteristics. Once the brakes are applied, both 
systems yield a large increase in stability. Indeed, despite its smaller understeer 
generation capacity (highlighted in the swept steer test), the TVID actually gives a larger 
reduction in driver workload than ABC with just 40 of steering correction required, as 
opposed to 150 for ABC (Figure 6.4a). 
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Figure 6.4: Comparison of TVD and ABC for a closed loop braking in a turn test from 38mls on 
a constant 185m radius - vehicle turns into the comer at I second and the brakes are applied at 
Ift 
This small difference in stabilising effect is due to the tact that, prior to brake application, 
the ABC is applying braking torque to the inside rear wheel to reduce understeer. 
Unfortunately, when the brakes are applied this immediately becomes the worst possible 
course of action since it is excessive (negative) slip on the inside rear wheel that is the 
primary cause of the instability. Hence for around 0.1 seconds (the time it takes the yaw 
moment controller to react) after the brakes are applied the ABC is only serving to degrade 
stability further by braking the 'wrong'wheel. It is, of course, also true that during the same 
period the active differential is transferring torque in the wrong direction. However this is 
less of a problem because although this still leads to additional braking torque being 
applied to the inside rear wheel, it is only approximately half the amount applied by the 
ABC (the other half being applied as positive torque to the outside wheel). 
The relative efficiency of the TVID is also illustrated by analysis of the energy account for 
this manoeuvre (Figure 6.5). Once again the TVID vehicle requires only marginally more 
energy, 7%, to complete the manoeuvre whilst the ABC vehicle requires 58% more energy 
(Figure 6.5b). As in the swept steer manoeuvre this is because it dissipates vastly more 
(additional) energy (9 times more in this case) in the brakes than the TVID does in its 
clutches (Figure 6.5a). It should be noted, however, that the great majority of this energy is 
dissipated in the first part of the manoeuvre when the vehicle is negotiating the turn rather 
than during the braking phase. 
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Figure 6.5: Energy account for passive, ABC and TVD vehicles during a 38mls, 185m radius, 
braking in a turn manoeuvre. 
(ii) ALSD vs. ABC 
The performance of the ALSID is compared with ABC in Figure 6.6. In both cases here the 
controller is operating with the target understeer gradient set equal to that of the passive 
vehicle. As can be observed from the figure the stabilising effect of the two systems (in 
terms of driver workload) is largely equivalent. Again, this is despite the understeer 
generation capacity of the ALSD being significantly limited compared to the ABC system 
(see Section 6.2.3). 
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Figure 6.6. - Comparison of ALSD and ABC for a closed loop braking in a turn test from 38mls on 
a constant 185m radius - vehicle turns into the comer at I second and the brakes are applied at 
10s. 
The energy account for this manoeuvre is shown in Figure 6.7. In this case almost all the 
energy dissipated by either system occurs during the braking phase of the manoeuvre 
when stability control is being applied. As can be observed, the ABC system dissipates 
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significantly more energy than the ALSID to maintain stability. The ABC vehicle dissipates 
871 W in the brakes compared to 634kJ for the passive case (the energy dissipated by the 
driver's brake application). This additional 237kJ compares with the almost negligible 
energy loss in the ALSID's clutch (less than 1 U). 
DW 
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Energy Dissipated (U) 
Figure 6.7. - Energy account for passive, ALSD and TVD vehicles during a 38mls, 185m radius, 
braking in a turn manoeuvre. 
6.2.5 Double Lane Change 
The manoeuvres described thus far were all either carded out at constant speed (the 
throttle being modulated to compensate for any loss in speed due to cornering or control 
action) or under braking. Without such constraints, the fact that the application of ABC will 
reduce vehicle speed may be an advantage when the vehicle is at the limit. This can be 
investigated with a closed loop double lane change manoeuvre, as described in Section 
4.2.3. 
TVD vs. ABC 
A comparison of the performance of the TVID and ABC, operating with a neutral steer 
target, is shown in Figure 6.8. Considering first the opening two seconds when the driver 
performs the initial lane change, it can be seen from Figure 6.8a that less steering effort is 
required with the TVID than with ABC. This is because, during this period, a reduction in 
understeer is required and the ABC system is therefore at a disadvantage because it is 
relying on the inside rear wheel to generate the required yaw moment. In the swept steer 
test this was not an issue as additional driving torque was being applied to the wheels to 
maintain a constant speed. However, in this case, with no driving torque to assist it, ABC is 
only able to generate around 50% of the yaw moment applied by the differential (Figure 
6.8c) during this period. The result is that ABC is not able to force the yaw rate to follow 
the neutral steer target as closely as the TVID (Figures 6.8d and 6.8e) and therefore driver 
workload is higher with ABC. 
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In the second part of the manoeuvre when the driver attempts to return to the original lane 
(between 2 and 6 seconds), the trend reverses and the driver workload is higher with the 
TVD than with ABC (Figure 6.8a). For example, the counter steer applied on the exit of the 
manoeuvre is just 150 with ABC compared to 890 with the TVD (and 2050 for the passive 
vehicle). However, the ABC's ability to apply a larger yaw moment is not the reason that it 
achieves this improvement; indeed the actual yaw moment applied with ABC is significantly 
smaller than with the TVD (Figure 6.8c). The reduction in driver workload is achieved 
simply because the vehicle has been slowed down significantly by the time it reaches the 
exit of the lane change due to the application of the brakes. At 4 seconds, the ABC vehicle 
is travelling 1.9m/s slower than the passive vehicle (Figure 6.8b). By contrast, the TVD 
vehicle loses just 0.4m/s to its passive counterpart. Clearly this gives the ABC system an 
advantage in scenarios where recovering stability is the prime objective. However, if it is 
more important that speed should not be sacrificed due to the application of yaw control (for 
example in a sports oriented application) then the TVD has an advantage. 
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Figure 6.8: Comparison of TVD and ABC during a closed loop double lane change manoeuvre 
commenced at 22rrVs 
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The energy account for this manoeuvre is shown in Figure 6.9. Since this test is carried out 
off throttle, the brakes do not need to counteract the additional torque that is supplied to the 
wheels by the speed controller. The relative energy loss in the brakes is therefore lower 
here than for the previous two manoeuvres. However, in another illustration of its greater 
efficiency, the energy loss in the TVD is still only 16% of that lost in the brakes, despite the 
fact that it is applying peak yaw moments significantly higher than those applied by the 
ABC system (Figure 6.8c). The end result is that the vehicle loses less kinetic energy 
(when compared to the passive case) during the manoeuvre with the TVID (a loss of 2% 
compared to 18% with ABC). 
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Figure 6.9: Energy account for passive, ABC and TVD vehicles during a closed loop double 
lane change manoeuvre commenced at 22mls 
ALSD vs. ABC 
A comparison of the performance of the ALSID and ABC, operating with a target understeer 
gradient equivalent to that of the passive vehicle, is shown in Figure 6.10. As in the braking 
in a turn test, only oversteer interventions are applied by the two systems. 
Once again the impact of the ABC system's ability to slow the vehicle down is evident as it 
achieves a greater reduction in driver workload than the ALSID. This is illustrated in Figure 
6.10a where it can be observed that the ALSID reduces the counter steer required on the 
exit of the manoeuvre from 2050 (passive) to 850, whilst the ABC system achieves an even 
greater reduction to 51 ". However, at the point where this counter steer is applied, the ABC 
vehicle is travelling 1.2m/s slower than the passive vehicle, whilst the ALSID vehicle is 
actually travelling 0.3m/s faster (due to the fact that it experiences lower sideslip angles 
than the passive vehicle). Note that the ABC system does not bring about the same 
reduction in speed here as it did with the neutral steer target (used for the comparison with 
the TVD) because in this case less brake intervention is required earlier in the manoeuvre. 
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Figure 6.10: Comparison of ALSD and ABC during a closed loop double lane change 
manoeuvre commenced at 22mls 
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As in the braking in a turn test, the ALSID dissipates an almost negligible amount of energy 
(0.2kJ) in this manoeuvre (Figure 6.11). When this loss is combined with the energy saved 
through more efficient use of the tyres it can be seen that the vehicle actually gains 5% 
more kinetic energy compared to the passive case during the test. The energy dissipated 
in the brakes is almost 50% less here than with the neutral steer settings used in the TVID 
comparison but this still amounts results in a kinetic energy loss for the vehicle of 11 %. 
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Figure 6.11: Energy account for passive, ABC and ALSD vehicles dufing a closed loop double 
lane change manoeuvre commenced at 22mls 
It should be noted that in the case of both the TVD and ALSD comparisons, the controller 
input scaling had to be reduced considerably for the ABC system in this test (from 30000 / 
40000 in the braking in a turn manoeuvre to 5000 / 7000 here) in order to prevent wheel 
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locking. In general, the ABC system is much more sensitive to problems in this respect 
because: 
" It has to generate all of the required yaw moment through a single wheel (the active 
differential uses two). 
" There is no physical limitation in the brake system to prevent the wheels from locking. 
As discussed in Section 5, both TVIDs and ALSIDs have physical limitations which 
make them robust against causing wheel spin / lock. 
This suggests that a controller which could be practically implemented for ABC would need 
to be more sophisticated than for an active differential, as a robust method of preventing 
wheel locking would be required. In practice this would most likely be achieved through 
some form of integration with the ABS controller. 
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6.3 Summary 
6.3.1 Dynamic Performance 
in terms of dynamic performance this section has highlighted that there are differences 
between the capabilities of a TVID and ABC. Its ability to use the front wheels gives the 
ABC system a greater capacity to generate understeer whilst its ability to use a 
combination of the outside and inside rear wheels gives the TVID a greater capacity to 
generate oversteer (at least off throttle). However, its greater capacity for understeer 
generation does not appear to give the ABC system a significant advantage in stability 
control scenarios. For example, in the braking in a turn manoeuvre, the TVID's understeer 
generation capacity is sufficient to almost completely eliminate steering correction from the 
driver and so the ABC system is unable to offer an improvement. However, in a scenario 
where the vehicle is coasting, such as a double lane change, the ABC system is more 
effective at reducing driver workload. However, this is because the operation of ABC has 
the side effect of slowing the vehicle down. 
The ALSD has an inherent disadvantage compared to ABC because it does not have the 
capacity to generate oversteer. It also has significantly less capacity to generate 
understeer. However, when analysing stability control performance only, it still compares 
strongly with ABC, although once again the fact that ABC slows the vehicle down gives it 
an advantage in terms of driver workload reduction. 
6.3.2 Efficiency 
It is in the area of efficiency that the greatest difference between the two types of actuator 
becomes apparent. Instead of trying to create a lateral torque difference by dissipating the 
energy supplied to one of the wheels in the form of heat (as with the ABC), the active 
differential simply attempts to reapportion the torque that is supplied to the wheels. The 
mechanism by which this is achieved - the friction clutch - still leads to some energy loss 
but this is generally a very small proportion of the energy dissipated in the brakes. This 
makes the TVID in particular a much more viable proposition for continuous yaw control 
than ABC. For example, the swept steer test showed that a substantial change in handling 
balance could be achieved over a long period without requiring significant additional energy 
input to the vehicle (the energy dissipated in the clutches being largely compensated for by 
more efficient use of the tyres). The ABC system on the other hand would require 
prohibitive amounts of additional input energy to achieve the same dynamic performance, 
effectively confining it to the role of a stability control system (where intervention only 
occurs in stability critical scenarios, rather than during normal driving). 
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The ALSD is also restricted to applying stability control, although, as discussed in Section 
5, this is because of its limited functionality rather than its efficiency. Indeed, it dissipates 
an almost negligible amount of energy in its clutch pack during stability control events. This 
allows it to operate without impacting vehicle speed, making it worthy of consideration in a 
sports oriented vehicle where maintaining vehicle speed may be of more importance than 
driver workload. 
It should be noted however that the greater efficiency exhibited by the active differential 
may not be fully replicated in reality. For example, it is possible that the far greater energy 
losses in the ABC system may be offset to some extent by lower parasitic losses in the 
hydraulic actuation system. In addition, the vast majority of the hardware for an ABC 
system is already on contemporary vehicles that are equipped with ABS. It is therefore 
likely that an active differential would add considerably more weight to the vehicle since it 
will be heavier than an open differential and would most likely require its own actuation 
system (although perhaps some hydraulic components may be shared with the ABS 
system). Again, this additional weight could offset some of the active differential's 
apparently superior efficiency. However, despite these concems, it has nevertheless been 
demonstrated here that active differentials have the potential to offer significant benefits 
over brake based systems. 
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7 Prototype Hardware 
In the preceding chapters a proposal for a yaw moment controller for an active differential 
has been developed and the theoretical benefits offered by such devices have been 
explored. The remainder of the thesis seeks to validate this analysis via real world testing. 
The prototype vehicle used for this task has already been described in Section 2.2. This 
section therefore introduces the differential hardware fitted to this vehicle. 
7.1 Choice of Active Differential 
There are two main types of active differential to choose from as highlighted in Section 1, 
an ALSD or a TVD. The analysis of the preceding sections has shown that both devices 
offer similar benefits when considered as stability control devices. However, the TVD has 
the ability to offer significant additional functionality that the ALSD cannot. This can be 
summarised as its ability to continuously modify the vehicle's handling balance and, as a 
result, to add agility (in addition to stability). However, the prototype vehicle was built with 
the objective of developing a system that could be applied to a production vehicle by 2008. 
The choice of device to be used was therefore a business decision, which was not made 
purely on the merits of the functionality offered. Other factors to consider include, 
" Overall customer benefit 
" Cost 
" Weight 
" Package 
" Durability 
" Maturity of technology 
" Competitor activity 
Taking all these factors into account, an ALSD was chosen. The primary reason for this 
choice is that the functional benefits targeted for the intended application are largely 
satisfied by an ALSD. The additional functionality offered by the TVD does not therefore 
justify its extra cost in this instance. 
To understand this choice, it is first of all necessary to understand the intended application 
for the device, a high powered rear wheel drive luxury sports coupe. The current 
production version of this vehicle has an open differential and two of the areas targeted for 
improvement in the new version are traction and stability control refinement. Improved 
traction is the area to which greatest importance is attached and is the primary driver for 
the fitment of some form of torque biasing device in the rear axle. As discussed in Section 
1, passive limited slip differentials can offer significant improvements in traction on non- 
homogeneous surfaces or during cornering. ALSIDs can also offer these improvements but 
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can do so in a more robust manner and without degrading vehicle handling (Section 1). 
However, TVDs offer no improvement in traction relative to an ALSID and, in fact, some 
types may not even offer equivalent performance due to their inability to lock pre-emptively. 
The second area highlighted for improvement, stability control, is targeted because, 
although the current vehicle has brake based stability control as standard, this form of 
stability control is intrusive to the driver and inefficient (as illustrated in Section 6). An 
ALSD is therefore an attractive option because not only does it fulfil the requirements for 
traction but, as shown in this thesis, it also offers stability control functionality, unlike a 
passive LSD. This functionality should enable both the frequency and magnitude of 
interventions from the brake based system to be reduced. TVDs can also offer this benefit 
and indeed possess greater yaw moment authority than ALSDs but, in practice, the stability 
control benefits offered by the two systems are similar (as demonstrated in Section 5). 
The principal advantage of the TVD over an ALSD is its ability to add agility and hence 
modify the vehicle's handling balance. Devices which actively modify the vehicle's handling 
balance have already been seen on production vehicles. For example, the 2004 BMW 7 
series has an active roll control system which modifies handling balance (in the non-linear 
region) as a function of vehicle speed. The growing use of mode switches related to the 
vehicle's handling or ride could also be supported by this functionality as a TVD could be 
used to offer a number of different levels of agility. However, whilst such potential benefits 
make the technology worthy of consideration in the future, it was not considered necessary 
to offer it in this application. This is partly because an ALSID already offers significant 
differentiation over the competitor vehicle set (none of which have ALSDs fitted) and also 
because the additional cost incurred by moving from ALSID to TVID (an approximate 100% 
increase) is somewhat out of proportion with the increase in customer benefit. 
However, even if the functionality offered by a TVID were to be considered worthy of the 
cost increase, it is still unlikely to have been chosen because the technology is still very 
immature. Although a TVD has appeared in production in the Mitsubishi's EVO range of 
AWD high performance saloons, this particular example is not capable of continuously 
modifying the vehicle's handling balance. In order to deliver that functionality, the 
differential must be capable of transferring torque continuously for extended time periods 
and the wet friction clutch packs used in the Mitsubishi differential do not have the thermal 
capacity to achieve this without overheating. Some axle suppliers do believe that wet 
friction clutch packs can be used for this purpose, given sufficient cooling, but others are 
investigating alternative means of achieving torque transfer, such as magneto-rheological 
fluids (see Section 1). However, although design proposals have been produced, actual 
devices that offer a practical means of offering continuous handling balance control have 
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yet to appear, either in production or prototype form. By contrast, ALSID technology has 
now matured to the extent that such devices are now in production on a number of sports 
utility vehicles such as the Land Rover Discovery, although their purpose on such 
applications is to deliver improved off road traction rather than handling benefits. 
Note that the choice of an ALSID comes with a number of secondary advantages over a 
TVD, the most significant being with regard to package and weight. ALSDs are not 
significantly larger than open differentials and are therefore unlikely to require major 
architectural changes to the rear of the vehicle. They also only add as little as 5kg in 
weight. By contrast, a TVID is likely to be approximately twice the width of an ALSID, 
making it much more difficult to accommodate and is also likely to add over 15kg in weight. 
7.2 ALSD Overview 
The prototype vehicle is fitted with an ALSID 
of the type modelled in Section 5.1. A 
schematic of the differential is shown in 
Figure 7.1. A wet friction clutch pack 
(shown in orange) allows one of the output 
shafts to be clamped to the differential 
casing (shown in green). The normal force 
is applied to the clutch pack using a ball and 
ramp mechanism (shown in light blue) 
which is driven by an electric motor (shown 
in grey). The nominal locking torque 
capacity of the differential is 250ONm, thus 
allowing a maximum torque of 1250Nm to 
be transferred between the rear wheels. 
Figure 7.1: Schematic of the ALSD fitted to the 
prototype vehicle 
it should be noted that the actuator (or low level) control software is provided by the 
differential manufacturer and is not covered in the thesis. This software includes algorithms 
to compensate for such factors as clutch pack wear and temperature, the objective being to 
maintain accurate and timely delivery of the requested locking torque. This is largely 
achieved in open loop fashion with empirically derived maps of motor current versus 
delivered locking torque, although a motor position sensor feedback is employed for wear 
compensation. It is anticipated that the actuator level control could be improved through 
more extensive use of current or position feedback but an investigation into this was 
considered to be beyond the scope of the thesis. The overall accuracy and time response 
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of the actuator and low level control system combined is, however, investigated further in 
the next section. 
7.3 Differential Charactedsation 
In this section the accuracy and time response of the ALSID is characterised. Note that 
henceforth, when referring to the characteristics of the ALSD (also referred to as the 
'actuator), it is the response of the low level control software and electro-mechanical 
actuator (motor, clutch pack, differential) combination that is being discussed. 
7.3.1 Test Procedure 
Before developing a (high level) controller for a specific actuator it is first of all necessary to 
characterise the device in terms of its accuracy and speed of response. In the case of an 
active differential, some means of measuring the torque delivered at the wheels is required 
to do this and so the prototype vehicle was instrumented with driveshaft torque sensors. 
To then measure speed of response and accuracy, the vehicle was driven around a 30m 
radius circle at a constant speed of 30kph whilst step input requests were applied to the 
actuator. A small radius and low speed were chosen to ensure that the differential did not 
fully lock, even when requesting the maximum 250ONm of locking torque. 
7.3.2 Definitions 
The speed of response of the ALSID can be decomposed into three key components as 
illustrated in Figure 7.2: 
i. Pure Delay (to - ti) 
9 The time from the initial (CAN) request to the time when the differential begins 
to respond 
ii. Total Time to Target (tO - t2) 
Time from the initial request to the time when the delivered locking torque, T,, q 
is within 2% of its final value 
iii. Time Constant (t, - tj 
Time from the initial response to the time when the delivered locking torque 
reaches 63% of the request 
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Figure 7.2: Actuator Time Response 
The accuracy of the ALSD can simply be defined as the percentage of the requested 
locking torque that is achieved. 
7.3.3 Results 
The measured accuracy and activation response times for numerous step inputs are 
detailed in Table 7.1. Note that in all cases the results are averaged over 3 tests. 
Pure Time Total Time Final Delivered I 
Accuracy 
Request (Nm) Delay Constant I to Target Locking Torque N 
(ms) (ms) (ms) (Nm) 
0-2500 42 325 910 2019 81 
Oý2000 40 283 643 1710 86 
0-1500 78 218 515 1256 84 
-0- 100---0- 153 350 753 75 
0-500 120 158 350 333 67 
500-1500 40 105 1275 85 
Table 7.1: ALSD activation times and accuracy. See Section 7.3.2 for definition ot metrics. 
As can be observed from the tables, the response times and accuracy of the ALSD are 
very dependent on the magnitude of the request and the initial condition from which the 
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request is made. Generally, it may be said that, as the magnitude of the request reduces, 
the time constant and total time to target reduces whilst the pure delay increases. The fact 
that the pure delay reduces significantly when the step input is applied from an initial 
condition of 50ONm suggests that a significant proportion of it may be caused by free play 
in the actuator. Accuracy is relatively high at moderate to high locking torques but begins 
to degrade for small requests. 
Table 7.2 shows the deactivation times for the ALSID. As can be seen the pure delay and 
total time to target are greatly reduced from the equivalent activation times. Note that 
deactivation is achieved passively (the motor is not driven backwards). 
Request (Nm) 
Pure Delay 
(MS) 
Tot ad T-ime-to-- 
Target (ms) 
2500-0 18 98 
2000-0 28 108 
1500-0 35 118 
1000-0 35 120 
500-0 28 143 
1500-0 40 180 
Table 1.2: ALSD deactivation times 
7.3.4 Modelling the Differential 
For all simulation work carded out in the remainder of the thesis, the ALSD in the prototype 
vehicle is modelled in the manner described in Section 5.1 but, in the light of the results of 
Section 7.3.3, actuator saturation and actuator dynamics are now added. Actuator 
saturation is represented by simply saturating the torque transfer request to the differential 
at a maximum of 1250Nm (given that the locking torque capacity is 250ONm). A minimum 
torque transfer request of 20Nrn is also constantly applied to the actuator as this is 
representative of the drag torque created by the ALSID's clutch pack. The actuator 
dynamics are represented in the model as a pure delay in series with a first order lag. 
Separate delay times and time constants, representing approximately worst case for each, 
are also applied, depending on whether the request is rising or failing (Table 7.3). 
Pure Delay (ms) Time Constant (ms) 
Rising Request 90 250 
Failing Request 30 30 
Table 7.3: Pure delay and time constant used to represent actuator dynamics in the simulation 
model. 
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8 Control Design for an ALSD 
The idealised yaw controller described in Section 3 has been used to effectively 
demonstrate the potential of lateral torque transfer control with ideal, torque vectoring and 
active limited slip differentials. However, for practical application to a real vehicle, this 
controller requires further development. There are three main reasons for this: 
" The analysis of the controller's performance in Section 5 revealed that the use of the 
primary feedback methodology to produce a target yaw rate is less applicable in 
the case of an ALSD. This is because, unlike a TVD, an ALSD is not capable of 
continuously modifying the vehicle's handling balance (since it can only generate 
understeer). This makes it primarily a stability control device and, for this, a 
reference model that simply represents the passive vehicle is all that is required, 
making the primary feedback redundant. 
" The fact that the ALSID is a stability control device means that intervention in sub- 
limit scenarios is to be avoided. Refinements to the reference model are therefore 
required to ensure that it matches the passive vehicle as closely as possible. 
" The ALSD model developed for the analysis in Section 5 assumed infinite actuator 
bandwidth, whilst the actual ALSD used in the vehicle has a relatively low 
bandwidth (see Section 7). This needs to be accounted for in the controller design 
to ensure stability. 
This section describes the developments made to the yaw controller to deal with these 
three issues. As with the idealised controller, the ALSD controller is written in 
Matlab/Simulink. 
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8.1 Overview of Controller Development 
In concept the yaw rate controller remains unchanged from that developed through 
Sections 3 to 5. The basic reference model structure described in Section 3.1 is therefore 
retained, but as discussed above the primary feedback is removed. It therefore initially 
simplifies to the form shown in Figure 8.1, with a single feedback controller (analogous to 
the secondary feedback in the original controller) regulating the error between the target 
yaw rate produced by the reference model and the actual yaw rate measured from the 
vehicle. 
c 
Figure 8.1: Simplified Control Structure 
However, whilst this reference model based structure is retained, there are significant 
refinements to both the reference model itself and the feedback controller. There are two 
main drivers for the refinements to the reference model. The first is that the ALSD is being 
implemented as a stability control device, making it important to avoid false controller 
interventions (any intervention that occurs when the vehicle is stable). In order to achieve 
this without resorting to the introduction of large controller thresholds and thus 
compromising stability control performance, it is necessary to improve the correlation 
between the reference model and the passive vehicle. To this end, the reference model, 
whilst still based on a bicycle model, is implemented as a transfer function rather than a 
physical model and a pure time delay is also added to the reference yaw rate. The second 
driver for these modifications is ease of tuning, an important consideration for practical 
application, and the move to a transfer function based reference model is also made to 
simplify and shorten the tuning process. 
ICS-7ý- 
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The relatively low bandwidth of the actuator necessitates that modifications are also 
required to the feedback controller. A simple proportional controller is no longer 
appropriate here since the slow response of the actuator prevents it from maintaining 
controller stability and acceptable target following. Integral action is therefore added and 
this in turn necessitates further development of the feasibility function (introduced in 
Section 5) to account for the fact that an ALSID can only transfer torque in one direction. 
However, whilst these revisions produce a stable controller with good target following, the 
overall speed of response of the system is still compromised by the actuator's low 
bandwidth. Hence, as a final enhancement, feedforward control is also added to improve 
the system's speed of response. This results in the controller structure shown in Figure 
8.2. 
Figure 8.2: Controller structure with addition of tL-edforward path 
The development of each of these three elements, reference model, feedback and 
feedforward control are described in detail in the next three sections. 
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8.2 Reference Model 
This section describes refinements to the original reference model described in Section 
3.2.2. These are primarily required to improve the correlation of the model with the passive 
vehicle (to avoid the need for large thresholds) and to facilitate ease of tuning. 
8.2.1 Concept 
A bicycle model continues to be the basis of the reference yaw rate generation as 
described in Section 3.2.2, although without the primary feedback the additional torque 
transfer input is no longer required and so Equation 3.18 simplifies to, 
y YIA4 YIA4 
-+ 
/A' 
[. 51 (8.1) NI NI rN J., 
However, for practical application on the real vehicle Equation 8.1 is implemented as a 
second order transfer function [Ramsbottom, 20041 from steering angle to yaw rate, rather 
than as the physical state space model above. This approach was taken because it 
significantly eases both the parameterisation and tuning process. The parameters required 
by a physical model and a transfer function model are compared in Table 8.1. As can be 
observed, the transfer function model can be parameterised using readily available vehicle 
yaw response characteristics such as the linear understeer gradient whilst the physical 
model requires properties such as tyre cornering stiffness' which are significantly more 
difficult to obtain. 
Physical Model Transfer Function Model 
Steering Ratio 
Mass 
Steering Ratio 
Understeer Gradient 
Inertia Natural Frequency 
Centre of Gravity Position Wheelbase 
Front Tyre Comering Stiffness 
Rear Tyre Comering Stiffness 
Table B. 1: Parameters required by physical and transfer function bicycle models 
The fact that the transfer function approach gives direct access to the vehicle's response 
characteristics also makes the tuning process simpler and more intuitive. However, the 
most significant advantage of this approach is that, whilst the transfer function's coefficients 
can be calculated to respect the equations of the bicycle model, they can also be easily 
manipulated to give a non-physical representation of the vehicle if required. This can be 
particularly useful if, as discussed in Section 9.1, the physical bicycle model's transient yaw 
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response does not correlate closely with the real vehicle. Obviously it is also possible to 
tune the physical model to match the real vehicle by scaling the inertia and cornering 
stiffnesses but this is significantly less convenient than scaling characteristics such as the 
damping ratio, directly. If the target vehicle characteristics are different to those of the 
passive vehicle, this technique also allows them to be described more conveniently. For 
example, a 10% increase in yaw damping (compared to passive) could easily be specified. 
8.2.2 TranstL-r Function Definition 
The equations of motion of a 2DOF bicycle model (Equation 8.1) can be manipulated to 
give a second order transfer function from steering angle to yaw rate (see Appendix G) in 
the form, 
K(a + 1) (8.2) 
S2 +2 ; oiv +0)2 
where, 
bCGf C,, - C4C, K - (8.3) "I__u 
bMU 
(8.4) 
b(-, ',, - C, 
Co ('2 - A4U'Cl -('1 
2 
2 
- Co = 
A47z, 112 
(8.5) 
1= ('o + M('2 
(8.6) 
2MI--(Jco 
Where, 
Co = Ccf + C, C, = bCcy* - cC., andC2 =b 
2C 
+ C2Car (83) 4 
8.2.3 Transfer Function Parameterisation 
To simplify the parameterisation and tuning process of the reference model, the transfer 
function coefficients above can be represented in terms of the vehicle's understeer gradient 
and natural frequency [Ramsbottom, 2004). 
The steady state response can be directly related to understeer gradient through the steady 
state yaw rate gain (see Appendix G), 
ozý 
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Turning attention to the transient response, it can be observed from Equation 8.5 that the 
natural frequency is a function of longitudinal velocity. Clearly it is not ideal from a tuning 
perspective to have to define the vehicle's natural frequency, across its entire speed range. 
However, if the bicycle model equations are used to define how the natural frequency 
changes with speed it then becomes only necessary to define the natural frequency at a 
single speed. 
It can be shown that the manner in which natural frequency changes with velocity is a 
function of the vehicle's characteristic velocity. The characteristic velocity is the speed at 
which the vehicle is most responsive in yaw [Gillespie, 1992] and is defined as the speed at 
which the steady state yaw rate gain reaches its peak. It can therefore be obtained by 
differentiating the vehicle's steady state yaw rate gain (Appendix G) to give, 
ý-OC2 - C12 Uch 
(ý A4 
(8.9) 
This is convenient for parameterisation because Equation 8.9 can be expressed in terms of 
the vehicle's understeer gradient (Appendix G), 
UM=[, 
il, '2 
K. 
(8.10) 
Returning to the natural frequency, it can be observed from Equation 8.5 that at high 
longitudinal velocities the expression for natural frequency becomes, 
2 
=-Cl Cohigh 
I 
(8.11) 
By combining Equations 8.5 and 8.11, the ratio between the actual natural frequency (at a 
given velocity) and the natural frequency at high velocities can be written as, 
C2 
_(, I+-Iý. r I, OC2 (8.12) 
O)high 
i7 
cl If 
Substituting the expression for characteristic velocity (Equation 8.9) thus yields, 
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Similarly, the time constant can be expressed at high longitudinal velocity as, 
Thigh 
bAlIlhigh 
, b(',, + I=O)high 
(8.14) 
By combining Equations 8.4 and 8.14, the ratio between the actual time constant (at a 
given velocity) and the time constant at high velocity can then be written as, 
r 
Thigh high 
(8.15) 
Also, since at low velocity the expression for natural frequency (Equation 8.13) simplifies to, 
0) = 
ti 
Et 
high (8.16) 11 
From Equation 8.6, the damping ratio at low velocity can therefore be expressed as, 
=("o 
+ M('2 
(8.17) 
2M=(ldjo)htgh 
By combining Equations 8.6 and 8.17, the ratio between the actual damping ratio (at a 
given velocity) and the damping ratio at low velocity can then be written as, 
I+ 
'; min 
U 
Ch 
Note that an additional parameter, is included in Equation 8.18 to allow the damping 
ratio to be scaled. This is required since it is known that a pure bicycle model has a 
significantly over damped yaw response compared to the real vehicle or 1 ODOF model (this 
is illustrated in Section 9.1). 
Hence through knowledge of whigh, rhigh, i;,,, and U,, only, it has been shown that it is 
possible to define the natural frequency, time constant and damping ratio over the entire 
speed range of the vehicle. However, the parameterisation of the reference model can be 
simplified still further due to the fact that both rhigh and ;,,, are in fact coupled to cohgh, (high 
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and 11,,, [Ramsbottom, 2004]. This ran be demonstrated by solving Equations 8.11 and 
8.14 to obtain the following expressions for front and rear cornering stiffness, 
C 
MC I/ 
high 
1= 
2 (8.19) 
1 Thigh b 
-high 
(7(ff - 
Alb "high 
(8.20) 
1 r/d. 9/1 
Assuming for a typical passenger vehicle that, 
A, Ibc= L and h -= c=-112 
(8.21) 
and also assuming that, 
ljhigh= 
max(U..,, I 
ljch ) (8.22) 
Then by finding an expression for M from Equation 8.9 and substituting Equations 8.19 
and 8.20 into 8.14 and B. 17, rh,, h and ý, j, can be expressed as, 
, rhigh "2 
2Uhgh 
2 (8.23) 10)2 +24 /20)2 high 
(1 
a)high + 41 
eh high 
ý 
'; min - 
t1high 'Cohigh 
(8.24) 
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Hence the transient transfer function parameters, r, co and ; can be determined for a 
vehicle over its velocity range given knowledge of just five parameters, the maximum 
vehicle speed, "max I wheelbase, 
1, characteristic velocity, Uch, the undamped natural 
frequency at high speed, whih, and the damping ratio scaling, ;.,, 
8.2.4 Bicycle Model Comparison 
As described in Section 8.2.3, a number of assumptions and simplifications are made 
during the parameterisation of the transfer function. The impact of these assumptions is 
illustrated in this section by comparing the response of the transfer function with that of the 
physical bicycle model. 
If the transfer function coefficients are calculated directly (using Equations 8.3 - 8.6) from 
knowledge of physical properties, then the response of the transfer function is identical to 
that of the physical model. However, if the transfer function is parameterised using the 
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approach described in Section 8.2.3, the responses are no longer identical as shown in 
Figure 8.3. Here, the natural frequency of the bicycle model at 125kph is used to calculate 
cot, _, ý 
and its understeer gradient is used to calculate the characteristic velocity. As can be 
observed, whilst the steady state response remains identical, the damping ratio appears to 
be overestimated slightly. This is a direct result of the assumptions and simplifications 
made in the derivation of Equation 8.18 and the trend continues if the test is repeated at 
lower speeds with the same parameters (Figure 8.4). However as ran be seen from 
Figures 8.5a and 8.5b, the correlation with the bicycle model does not deteriorate at 
1OOkph or 75kph despite the fact that the natural frequency used to calculate coh, gh was 
obtained at 125kph. Indeed, if the parameter ;,, in Equation 8.18 is used to scale the 
damping ratio by 0.95, the responses become almost identical in all three cases. These 
results go some way to confirming the validity of the parameterisation approach outlined in 
Section 8.2.3, especially when it is considered that, as is discussed in Section 9.1, the 
damping ratio will need to be scaled to match the real vehicle /I ODOF model anyway. 
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Figure 8.3: 125kph, 20* step steer response. Transfer function coefficients calculated using 
approach described in Section 8.2.3. 
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function coefficients calculated using approach deschbed in Section 8.2-3. 
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8.2.5 Pure Time Delay 
There are two principal characteristics of a vehicle's yaw response which cannot be 
captured by a second order transfer function; tyre saturation (dealt with in Section 8.2.6) 
and pure delay. In a 
OA --------------------------- ................. ....... -------- --------------------- real vehicle a pure 
time delay exists 03- 
between the steering 02-- --- - ----- 
wheel angle input and 
0.1 - the generation of yaw 
j a, ---------------- . .................. 
: 
This delay ----------- .................... I .................. rate. 
emanates largely from -0.1 .................. ------------------- ---- ------------ ----------------- ------------------- 
tyre relaxation and can .................... ........ --------------------- .................... -02r ------------------- 
be best illustrated with 
. 0.3 -------------------- ---------------------------------- .......... ........ 4 --------- - 
a sinusoidal steer or 
IODOI 4-11 
slalom type 0A is 2 2S Tkm jeecor4s) 
manoeuvre carried out 
Figure B. 5: Sinusoidal steer manoeuvre illustrating the pure delay 
in the linear region, as between reference and actual yaw rates 
shown in Figure 8.5. 
Here it can be seen that there is a slight phase difference between the yaw rate generated 
by a bicycle model and that generated by the vehicle. This phase difference is caused by a 
pure delay and is accounted for in the reference model by simply delaying the output of the 
transfer function by the appropriate amount. 
8.2.6 Saturation 
Tyre saturation is included in the reference model by limiting the steering input based on 
the vehicle speed and limiting lateral acceleration ), as described in Section 4.2.1. It 
was assumed previously that this limiting lateral acceleration could be calculated by 
assuming p=1. However, since some vehicles are able to generate a lateral acceleration 
greater than 1g, this assumption could cause the reference yaw rate to saturate too early, 
resulting in false intervention. It is therefore necessary to make the p value used for the 
limit lateral acceleration calculation a tuneable parameter, u,,,, such that, 
ýýnn = 
9.8 1- uH, (8.25) 
In Section 4.2.1, the steering input limit (i5lim ) calculated from a,,. was applied discretely 
to the reference model steering input (, 5, f ), 
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8_f = min(, 5,. 3, im) (8.26) 
This results in the reference model effectively remaining linear up to the point of saturation. 
However the analysis of ALSID performance in a braking in a turn manoeuvre in Section 
5.3.2 suggested that there might be some advantage in introducing some non-linearity into 
the reference model prior to saturation. In order to investigate this, a non-linear function 
(Figure 8.6) is included in the calculation of the road wheel angle limit to give a more 
progressive yaw rate saturation, 
15-f = glim - fcn(81,5, i. 
) (8.27) 
As can be observed from Figure 8.6, once (5 approaches around 65% of t5lim, 5rtIf Will 
begin to be reduced from the actual value. On high-p this point corresponds to around 
0.65g, which is the approximate point that the actual vehicle begins to become significantly 
non-linear (see Section 2.3.1). A relatively generic function is chosen here to avoid the 
need to include a tyre model in the reference model. 
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oo 
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Actual Steering Input I Steering Input Limit 
Figure 8.6: Function used to introduce progressive saturation into the reference model 
8.2.7 Low-p Surfaces 
The characteristics of the tyres and therefore of the vehicle itself are a function of the road 
surface coefficient of friction, p. Hence a reference model that is tuned to match the 
passive vehicle on high p will not give close correlation on low-P (as illustrated in Section 
4.3). The way in which the effects of low-ýL are accounted for and the manner in which low- 
p surfaces are detected is discussed further in Section 11. 
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8.3 Feedback Controi 
As discussed in Section 8.1, the relatively slow response of the ALSD necessitates 
modification to the feedback controller because the proportional control employed in 
previous sections is no longer capable of offering acceptable target following and stability. 
To demonstrate the impact of the actuator's dynamics on controller stability and design 
(and also to illustrate how the feedback controller relates to the original secondary 
feedback of Section 3) this section opens with a description of how the controller would be 
designed for a perfect actuator. The impact of actuator dynamics on the stability and 
performance of this controller is then illustrated and the modifications required to 
compensate for them are described. As discussed in Section 5.1.3, the non-linearity of the 
actuator requires the addition of a 'feasibility function' to the feedback control. The design 
of this function and its impact on controller stability and performance is therefore also 
discussed in the concluding part of this section. 
8.3.1 Design for a Perfect Actuator 
Since the feedback controller shown in Figure 8.1 is analogous to the secondary feedback 
employed in the idealised yaw sideslip controller described in Section 3, exactly the same 
technique that was used to design that controller can be used here. Once again therefore, 
the vehicle model must be linearised (using Matlab's 'linmod' function) to allow the system 
to be represented in linear state space form. This then allows the application of LQR. 
Since the primary feedback is no longer employed, the combined linear system shown in 
Figure 3.2, simplifies to the representation shown in Figure 8.7. 
C 
Torq 
Having obtained a linear representation of the system, the same cost function as used for 
the original secondary feedback can be applied here but with the sideslip cost removed 
(see Section 4.1), 
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2d, (8.28) 2 
U,, 2 
I-- -ý R 
where the subscripts 'r' and 'V represent the reference and vehicle models respectively. 
The derivation of the Q and R matrices for this cost are derived in the same way as 
shown for the original secondary feedback in Appendix B. 
The gain matrix shown below is also generated in the same way here as originally 
described in Section 3.3.2 for the secondary feedback. 
V, 
r, 
u=[K, KK K KOK. 
J. v (8.29) 
r 
0 
-P- 
However in this case, with only a single yaw rate error based cost, only two of the gains are 
significant, Kr, and K,, the rest being negligible. Since Kr, and Kr are equal and 
opposite, the LQR controller may therefore be decomposed to a single proportional gain. 
In Section 3.3.2 the gain matrix was generated for a range of vehicle speeds. However, as 
shown in Figure 3.3, only the sideslip related gains showed significant speed dependency. 
Since these gains can now be disregarded, gain scheduling on speed is no longer 
necessary. 
All that remains is to choose an appropriate scaling for the R matrix of Equation 8.28. For 
the original controller, this was achieved via trial end error. However, since the controller 
has been decomposed to a single proportional gain, scaling the R matrix is analogous to 
tuning the gain itself. Furthermore, since the controller is now single input single output 
(SISO), classical control techniques may be used to check the stability of the system. 
Controller 
input 
(Reference Yaw Rate) 
C(S) 
VehiCle (Plant) 
G(S) Output 
(Yauv Rate) 
Figure 8.8: Feedback Control System Diagram 
ozý 
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An indication of a controller's stability may be obtained from its open loop frequency 
response. If the feedback control system is represented as shown in Figure 8.8, the open 
loop transfer function from yaw rate error to actual yaw rate may be given as: 
. '(s) -G (s) (8.30) 
The controller in this case is simply a proportional gain and so: 
C(s) =K (8.31) 
The plant may be represented by a linear bicycle model (parameterised at 100kph), as 
described in Equation 8.1, with the steering input removed: 
'/M Y/M 
- U-[V]+[N 0 [AT] (8.32) NI NI r 
where the output may be defined as: 
y =: CX + Du 
where, 
(8.33) 
C= [0 11 and D=0 (8.34) 
The transfer function for the plant may then be obtained from: 
G(s) = C(sl - A)-'B +D (8.35) 
The Bode plot for the open loop transfer function of Equation 8.30 with the vehicle data 
from Appendix A and a gain of 200000 is shown in Figure 8.9. Analysis of the figure 
reveals a gain margin of infinity and a phase margin of 980. The system is therefore stable 
for this value of K. In fact, analysis of the root locus as K varies from zero to infinity 
shows that the system is stable for all values of K (Figure 8.10). 
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Figure 8.9: Bode plot for system open loop transfer function from yaw rate error to actual yaw 
rate with K= 200000 
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Figure 8.10. - Root locus for system closed loop system as K varies from 0 to infinity 
8.3.2 The influence of actuator fime response 
During initial testing, the controller described in the previous section proved to be unstable. 
This was because in the real system, time delays and lags are present in the actuator (see 
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Section 7). It is therefore clear that modifications to the controller are required in order to 
compensate for the actuator's time response. 
The destabilising effect of the actuator's time response can be illustrated by returning to the 
analysis of the system's open loop transfer function. The addition of the actuator's transfer 
function results in the system diagram shown in Figure 8.11. 
Controller II Actuator II Vehlcle (Plant) 
Input tI C(S) F (S) G(S) 
(Reference Yaw Rate) 
Figure 8.11. Feedback Control System Diagram with Actuator Included 
The system's open loop transfer function therefore becomes, 
H(s) = C(s) - F(s) - G(s) 
Output 
(Yaw Rate) 
(8.36) 
Since the actuator's time response may be represented as a pure delay followed by a first 
order lag, its transfer function may be written as, 
F(s) = 
e (8.37) 
t's +I 
For the purposes of linear system analysis, the pure delay may be represented by a first 
order Padd approximation, 
-s- 
'd 
2 (8.38) 
+Sid 
2 
The validity of using this approximation is discussed further in the next section. The 
actuator time response was described in Section 7 and taking approximately worst case 
values allows t, to be approximated as 250ms and 'd to be approximated as 90ms. With 
these values and a proportional gain of 200000 (as before), the frequency response of the 
open loop transfer function of Equation 8.36, is shown in Figure 8.12. As can be observed 
from the figure, the phase margin is now negative and hence the closed loop system is 
unstable. The addition of actuator dynamics has significantly reduced the bandwidth of the 
system (as indicated by the reduction in cross over frequency from over 8Hz (Figure 8.9) to 
around 2Hz (Figure 8.12). Since the bandwidth of the controller has not been reduced to 
account for this, it is now faster than the system it is being applied to, leading to instability. 
4Zýý 
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Figure 8.12: Bode plot for system open loop transfer function with actuator dynamics included 
and K= 200000 
8.3.3 Low bandwidth control design 
The simplest way to improve the stability of the system is simply to reduce its bandwidth by 
reducing the proportional gain. The root locus of the system with actuator dynamics 
included (Figure 8.13) shows that the gain has to be reduced to 140000 in order to achieve 
marginal stability. This can be confirmed by considering the step response of the system 
with the Pad& approximation substituted with a pure time delay (Figure 8.14). This also 
shows that the system is marginally stable with this gain, a result that goes some way to 
confirming the validity of using a first order Pad6 approximation for stability analysis (see 
Appendix H for more details). The proportional gain has to be reduced still further to 
around 55000 (giving a phase margin of -800) before the response has an acceptable level 
of damping (Figure 8.14). However, as can also be seen from Figure 8.14, the penalty for 
this reduction in bandwidth is a large steady state error. 
For a linear system, the addition of an integrator allows this steady state error to be 
reduced without significantly compromising stability. For example, with the addition of an 
integral gain of 130000, the system's phase margin is still over 500 (Figure 8.15). As 
illustrated in Figure 8.16a, the addition of such a gain is sufficient to almost completely 
eliminate steady state error from the step response of the system. Note that an alternative 
approach could have been to introduce derivative action into the controller. For a linear 
system this would effectively increase damping and hence improve stability. However, the 
fact that the system is in reality highly non-linear, due to the switching nature of the nature 
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of the controller, prevents this approach from being effective. The switching nature of the 
controller also poses problems for the action of the integrator and this issue is dealt with in 
the next section. 
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Figure 8.14: Step response of system with actuator dynamics for various values of K 
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Figure 8.15: Bode plot for system open loop transfer function with actuator dynamics included 
and PI control (Kp = 55000, Ki = 130000) 
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Figure 8.16: Step response of system with PI controller and actuator dynamics 
(Proportional Gain = 55000, Integral Gain = 130000) 
8.3.4 Feasibility Function & Yaw Error Sign Allocation 
The design process has so far assumed that the actuator is linear. However in reality the 
actuator is highly non-linear because it can only transfer torque in one direction (to the 
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slower wheel). In Section 5.1.3, this is accounted for by adding a 'feasibility function' to the 
output of controller that checks the feasibility of the request and blocks or accepts it 
accordingly. Since the direction of torque transfer is dictated by wheel speed difference, in 
Section 5.1.3, this function used a simple set of logic rules based on whether the polarity of 
the wheel speed difference would allow the polarity of torque transfer requested (see Table 
5.1). However, whilst this proved to give acceptable results in the simulation environment, 
initial tests on the vehicle showed that due to a combination of noise on the wheel speed 
signals and the fact that the wheel speed difference tends to be small during handling 
events (especially when the differential is locking), this function resulted in a significant 
amount of 'chattering'. 
In an attempt to combat this, the feasibility function was re-written in terms of yaw rate 
error. Since for most driving scenarios the inside wheel will be travelling slower than the 
outside wheel during cornering, it is possible to assume that applying torque transfer will 
always generate understeer (the effects of this assumption are dealt with in Section 8.5). 
By comparing the sign of the actual yaw rate and the pure sign of the yaw error, it is 
possible to determine whether the vehicAe is understeering or oversteering with respect to 
the target (Table 8.2). This then allows only requests for increased understeer to be 
accepted (Table 8.2). 
Yaw Rate Sign 
Yaw Rate 
Error 
(r, -r) 
Interpretation Action 
+ + Understeer Block Request 
+ Oversteer Accept Request 
+ Oversteer Accept Request 
Understeer Block Request 
Table B. 2: Revised Feasibility Function Logic 
However, whilst this feasibility function produced acceptable results with a simple 
proportional controller, with a PI controller it caused instability. This is illustrated by 
considering the impact of the feasibility function on the step response of the linear system 
described in the previous section. As can be observed from Figure 8.17a, the feasibility 
function causes the system to go unstable. This is a result of the fact that the feasibility 
function is effectively a discrete svAtGh on the output of the controller, which therefore does 
not allow the integrator to decay when it blocks a request. This is illustrated in Figure 
8.17b, which shows the output of the controller during the step response test. As can be 
observed, the yaw moment request is instantaneously reduced to zero on a frequent basis, 
making its behaviour more like that of a proportional gain and hence causing the reduction 
in stability. 
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Figure 8.17: Impact of feasibility function on step response of system with PI controller and 
actuator dynamics (Proportional Gain = 55000, Integral Gain = 130000) 
in order to allow the integrator to behave as it would in a linear system, the calculation of 
the yaw rate error has to be redesigned. As shown in Table 8.2, by comparing the sign of 
the actual yaw rate and the pure sign of the yaw error, it is possible to determine whether 
the vehicle is understeering or oversteering with respect to the target. This then allows a 
reallocation of the yaw error sign based on understeer or oversteer (Table 8.3) before it is 
passed to the controller. 
Vehicle Handling 
Condition 
Yaw Error 
Sign 
Understeer 
Oversteer + 
Table 8.3: Yaw error sign allocation 
The benefit of describing the yaw error in this way is that it allows the feasibility function to 
be greatly simplified. As described previously, during off throttle scenarios, an ALSD can 
only generate unaersteer ana is 
therefore only capable of reducing the 
yaw error when the vehicle is 
oversteering, that is, when the yaw 
Torque Transfer 
Action 
Demand 
+ Accept Request 
Block Request 
error is positive. Since a positive yaw Table 9A Redesigned Feasibility Function Logic 
error will generally result in a positive torque transfer request, the feasibility function can 
therefore be written as a simple saturation which blocks any negative requests at the 
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controllers output (Table 8.4). Resigning the yaw rate error has therefore removed the 
need for switching at the controller output (Figure 8.18). 
Reference Yaw Rate 
Yaw Rate 
a) 
Reference Yavv Rate 
Yaw Rate 
x 
Yaw Error Sign 
Ahocaton 
k 
Feasibility Functilon 
Torque Transfer Request 
sl 
II Torque TrinsfarRoqutst 
atulstron 
ibility Fundon 
b) 
Figure B. 18: Implementation of a) original feasibility function logic and b) yaw error sign 
allocation and revised feasibility function logic in the feedback controller 
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Figure 8.19: Influence of feasibility function on integral action 
As shown in Figure 8.19, modifying the yaw rate error and feasibility function in this way 
allows the integrator to decay as it would in a linear system. For the yaw rate error shown 
in Figure 8.19a, the output of a proportional gain (Figure 8.19b) would reduce to zero at the 
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same time as the error (10 seconds) and beyond this point it would remain zero due to the 
action of the feasibility function. The output of the PI controller however does not reduce to 
zero at the same time as the error (due to the integrator) and therefore, the original 
feasibility function acts as a discrete switch as it instantaneously reduces the output to zero 
(Figure 8.19c). With the new feasibility function, the output is simply prevented from 
reducing below zero and therefore the integrator is allowed to decay naturally (Figure 
8.19d). 
The impact of this redesigned feasibility function can be observed by analysing the step 
response of the system with it included (Figure 8.20). As can be seen from the figure, the 
addition of integral action now has the desired effect of reducing steady state error without 
significantly reducing stability. 
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Figure 8.20: Step response of system with PI controller, actuator dynamics and new feasibility 
function. (Proportional Gain = 55000, Integral Gain = 130000) 
It has thus been shown that a key enabler to the introduction of integral action into the 
controller is the re-allocation of the yaw error sign (based on under or oversteer) and 
resulting simplification of the feasibility function. The next two subsections show that 
resigning the yaw error in this away also simplifies other aspects of the controller. 
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8.3.5 Anti-Windup 
In order to complete the inclusion of integral action into the controller, a form of anti-windup 
logic is required. This is another area that is greatly simplified by resigning the yaw rate 
error at the input of the controller. As the controller is now only concerned with regulating 
positive error (indicating oversteer), the anti-windup function is simply required to prevent 
integrator output either becoming negative (by blocking negative inputs once the output has 
fallen to zero) or exceeding the torque transfer capacity of the actuator (by setting the 
integrator input to zero once the locking torque request exceeds 1250Nm). This results in 
the logic shown in Table 8.5. 
Integrator 
Input 
Integrator 
Output 
Controller Torque 
Transfer Request (Nm) 
Action 
+ >0 <1250 None 
+ <=O <1250 None 
+ Any >=1250 Set input to zero 
>0 Any None 
<=O Any Set input to zero 
Table 8.5: Anti-Windup Logic 
8.3.6 Threshold 
Finally, it is necessary to introduce a yaw rate error threshold into the feedback controller, 
below which intervention does not occur. This is to avoid false intervention due to the 
reference model not matching the passive vehicle accurately or due to noise on the yaw 
rate signal. The application of a threshold is greatly simplified by the resigning of the yaw 
rate error at the input of the controller. If the error had not been resigned, either some form 
of dead zone would be required at the controller input or, alternatively a switch on the 
controller output. Both of these solutions would create issues with integrator wind up, 
whilst introducing a switch at the output of the controller (as already illustrated) is likely to 
impact on controller stability. However, with the resigned yaw rate error, it is simply 
necessary is to remove a constant value from the error after it has been resigned. This has 
no impact on controller stability or integrator wind up. 
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8.4 Feedforward Control 
In order to compensate for the reduction in bandwidth enforced by the actuator dynamics, it 
was necessary to introduce some feedforward control. This was achieved using a plant 
inversion which, given a target yaw rate, estimates the torque transfer required to achieve 
it. This torque transfer request is then simply summed with the feedback request as shown 
in Figure 8.2 (Section 8.11). 
The plant inversion is based on the steady yaw rate gain of a 2DOF bicycle model, which 
can be written as (see Section 3.2.4), 
=U 12 
(8.39) 
(5 
+ 
K. ( 
9 
From Section 3.2.2, Equation 3.16, the yaw moment generated by a steering wheel angle 
input is, 
N45 = b('Gori5 (8.40) 
If Equation 8.39 is substituted into Equation 8.40, the steady state yaw rate gain can be 
redefined in terms of yaw moment, 
r=U 
12 NAT K, bC4 I+ 
9 
If this transfer function is inverted, it will give the yaw moment required to achieve a target 
yaw rate, given zero steering wheel input. Again from Section 3.2.2, Equation 3.16, this 
yaw moment can then be converted to a required torque transfer using, 
AT= 
RE NAT 
t 
(8.42) 
Clearly, in reality the steering wheel input is unlikely to be zero but the presence of the 
feedback loop should compensate for any under or over estimation of the torque transfer 
required. 
Due to the limitations of an ALSD, not all feedforward requests will be feasible. As in 
Section 8.3.4, it is assumed here that the differential can only generate understeer. This 
then allows the use of the yaw error sign convention described in the previous section 
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(Table 8.2) to decipher 
whether or not the 0.9 
feedforward request is 0.8 .............................................................. ; ......... 4 .......................... 
achievable. Feedforward 
. 107 ... ....... 
i 
........... ............ ............ ........... ............ ----------- 
requests are thus only 
............... 
allowed to pass to the ------ ......... Cie 0.5 ----------- . .............................. ............................. ........... -------------- ........ 
differential if the yaw error ............. 0.4 --- ------- 
is positive (indicating 10.3 . ................ ................. .... ... .. ------- 
oversteer). If the yaw error 0.2 ........... j ------------ ....... .......... ............. ........... ......................... 
is negative (indicating 0.1- 
understeer), the request is 12 4.11's -0.1 -O. OS a, 0.06 0. '1 OAS 0.2 
blocked. However, it was 
Yaw Error (r&Ws) 
Figure 8.21: Feecf1hrward smoothing function found during initial testing 
that simply switching off the feedforward request when the yaw error is negative resulted in 
chattering. It was therefore necessary to scale the request with a smoothing function to 
eliminate discrete switching. This function is described by the following expression and is 
shown in Figure 8.21. 
0, 
FF= 0.5 x [tanh (I + K,,, (r, - x,,,, - 
))] (8.43) 
By tuning K,,, and xFF it is possible to tune the shape and position of the function. Note 
that this method of deciphering the feasibility of the feedforward request makes its original 
sign (from Equation 8.42) redundant. The absolute value is therefore taken before the 
scaling of Equation 8.43 is applied. 
It should be noted that it is also possible to include the plant dynamics in the feedforward 
controller by inverting the full bicycle model transfer function from yaw moment to yaw rate. 
However, tests on the vehicle model showed that this offers no additional benefit compared 
to the steady state gain of Equation 8.41. 
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8.5 Impact of Desiqn Assumptions 
As discussed previously, it has been assumed in the design of the yaw controller that an 
ALSID can only ever generate understeer. This assumption holds when the torque input to 
the wheels is relatively low. However, during hard acceleration it is possible for an ALSID to 
generate oversteer. This is most likely to occur during acceleration out of a turn. In such a 
scenario, a vehicle with an open differential can spin the lightly loaded inside wheel. This 
therefore becomes the faster wheel and applying locking torque will thus result in torque 
transfer to the outside wheel. A yaw moment is thus generated in the same direction as the 
vehicle is turning, reducing rather than increasing understeer. In the most extreme case, 
so much torque can be transferred to the outside wheel that it too saturates, causing a 
significant loss of lateral force capacity at the rear and therefore a loss of stability. 
It is therefore clear that an ALSID can do nothing to increase stability during traction events. 
What is more, the yaw controller will actually cause the ALSID to degrade stability because 
of the aforementioned assumption in its design. For example, if the vehicle begins to 
oversteer during aggressive acceleration out of a turn, the actual yaw rate will exceed the 
reference and the yaw controller will therefore request an increase in torque transfer, which 
in this case will only make the situation worse. It is therefore necessary to turn off the yaw 
controller during traction events. 
A traction event can be detected by monitoring the longitudinal slip on each rear wheel. If 
either wheel goes into high slip, then the assumption that applying locking torque across 
the axle will generate understeer becomes invalid. 'High slip' in this case can be defined as 
the longitudinal slip at which the lateral force capacity of the tyre starts to become 
significantly degraded. This generally occurs once the slip exceeds the value at which the 
peak of the p slip curve is reached, Hence if the longitudinal slip of either of the rear 
wheels begins to exceed this value the yaw rate error (if positive) is smoothly reduced to 
zero. 
It should be noted that the functionality of an ALSID can be used to significantly improve 
traction and agility during such scenarios as acceleration out of a turn. However, as 
discussed in Section 1, the influence of active differentials on traction performance will not 
be considered here. 
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8.6 Summary 
In this section the adaptation of the idealised yaw controller (developed in Section 3) to 
allow implementation of a practical ALSID has been described and has resulted in the final 
controller structure shown in Figure 8.22. As can be observed from the figure, the 
adaptation has included revisions or additional features in the following areas, 
* Reference Model: 
" Implemented as a transfer function rather than a physical bicycle model in 
order to ease the tuning process and compensate for excessive damping in 
the physical bicycle model. 
" Pure time delay added to improve correlation with passive vehicle. 
" Progressive saturation of steering input to improve representation of tyre 
non-linearity 
0 Feedback Control: 
* Addition of integral action to the feedback controller to compensate for the 
degradation in yaw rate tracking caused by the reduction in proportional 
gain enforced by low actuator bandwidth. 
* Yaw rate error sign re-allocated to allow the feasibility function to be 
changed from a discrete switch to a simple saturation thus allowing the 
integrator to operate as it would in a linear system. 
* Yaw rate error threshold added to allow for discrepancies between the 
reference model and real vehicle. 
0 Feedforward Control: 
Plant inversion based feedforward added to improve the system's speed of 
response without compromising stability. The torque transfer request from 
the plant inversion is smoothly switched on and off in relation to yaw rate 
error. 
Modifications are also made to the yaw rate error (not shown in Figure 8.22 for clarity) to 
account for applied yaw moment reversal during traction events. 
Also shown in Figure 8.22 is a 'Friction Estimator. As discussed in Section 8.2.7, both the 
saturation point and the pure time delay in the reference model are a function of IA. Some 
form of ýt estimation is therefore required and this is dealt with in Section 11. 
Finally, a full list of tuneable parameters for the final controller is given in Table 8.6. The 
tuning of these parameters is discussed in the next section along with a detailed 
assessment of the performance of the controller in the simulation environment. 
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Steer 
Demand Vehicle 
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PI Controller x 
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: Yaw Error Sign 
Threshold jNijUAiPD 
---------------------------------------------------------------------- 
Figure 8.22: Final Controller Structure 
Parameter Symbol Units 
Characteristic Velocity Uh m/s 
Natural Frequency (at high speeds) 041gh rad/s 
Reference Model Damping Ratio Scaling C. - 
Pure Time Delay r s 
High Road Friction Coefficient PHI 
Proportional Gain Kp Nm. s/rad 
Feedback Control Integral Gain K, Nm. s-/rad 
Yaw Error Threshold X, rad/s 
Feedforward Control 
Smoothing Function Shift XFF rad/s 
Smoothing Function Scaling KFF 
I aoie u. 0: / uneable Parameters 
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9 ALSD Controller Tuning & Performance Analysis 
Prior to application to the real vehicle, the ALSID controller described in Section 8 is applied 
to the 10DOF simulation model in this section. The use of the simulation environment to 
make a first assessment of the ALSID controller helps to reduce the amount of tuning 
(and therefore testing) required on vehicle and also provides a more controlled 
environment with which to make an initial verification of the performance of the system 
(controller and actuator). It also allows a direct comparison wfth the resufts obtained in 
Section 5 with a perfect ALSID (not possible with on-vehicle results). The objectives of 
the section are therefore to, 
" Obtain an initial tune for the controller, which can then be used as a starting point for 
on-vehicle tuning. 
" Verify the stability control performance of the system (controller and actuator) on high 
ý, surfaces. 
0 Assess the contribution of some of the key modifications made to the original 
idealised yaw rate controller of Section 3 (principally, the move to a transfer function 
based reference model and the addition of feedforward). 
Assess the extent to which stability control performance is compromised by the 
actuator dynamics of the ALSID (represented in the simulation model as described in 
Section 7). 
In order to achieve these objectives, the section is split into two parts. Section 9.1 deals 
with the controller tuning and Section 9.2 assesses stability control performance. 
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9.1 Controller Tuninq 
This section illustrates the tuning process for the controller by obtaining a tune with the 
10DOF simulation model. The parameters to be tuned and the objective of the tuning are 
summarised in Table 9.1. This table also links the section numbers in which the 
parameters are defined to the section numbers in which they are tuned. 
Parameter 
r ýi -1r-io ný T-tu-ni---- 
I Tuning Objective 
Characteristic Velocity 8.2.3 9.1.1 
Natural Frequency (at high 
0 8.2.3 9.1.1 Match the passive 
speeds) 
vehicle's yaw response Damping Ratio Scaling 8.2.3 9.1.2 
as closely as possible - . Pure Time Delay 8.2.5 9.1.3 
High Road Friction Coefficient 8.2.6 9.1.4 
Proportional Gain 8.3.3 9.1.5 Obtain good target 
following and acceptable . Integral Gain 8.3.3 9.1.5 controller stability. C: 0 U Eliminate false 
-19, 0 cc intervention due to 
d) Yaw Error Threshold 8.3.6 9.1.7 discrepancies between 
reference model and 
passive vehicle. 
Smoothing Function Shift 8.4 9.1.6 
Improve system speed 
of response without 
.. 0 C 0 0 Smoothing Function Scaling 8.4 9.1.6 significantly 
compromising stability. 
I able 9.1., Summary of tuning objectives 
9.1.1 Characteristic Velocity and Natural Frequency Tuning 
The objective of the reference model tuning is to obtain a reference yaw rate which 
matches that of the passive vehicle as closely as possible (when the passive vehicle is 
stable). This is particularly important with a stability control device such as an ALSID 
because it helps to avoid false oversteer detection and therefore false intervention from the 
controller and also it enables the use of smaller controller thresholds (improving stability 
control performance). 
The first step in the tuning process for the reference model is to obtain its characteristic 
velocity and natural frequency. These can be obtained from the understeer gradient, 
natural frequency (at a given speed) and wheelbase of the passive vehicle. The relevant 
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values for the 10DOF vehicle model (along with the other vehicle parameters required by 
the reference model) are shown in Table 9.2. Note that the natural frequency was obtained 
from the eigenvalues of the 10DOF model linearised at 125kph. The understeer gradient 
was obtained from a constant radius test as described in Section 2.3.1. 
Parameter Value 
Understeer Gradient 1.830/g 
Natural Frequency at 125kph 1.23Hz 
Wheelbase 2.96-9-in 
Maximum Velocity 72m/s 
Steering Ratio* 17.58: 1 
Table 9.2: Vehicle parameters required for reference model 
*Steenng ratio is implemented as a non-linear map of steering wheel angle to steering ratio. The 
an centre value only is given in the table. 
From these values the characteristic velocity and natural frequency at high velocity can 
then be obtained from Equations 8.10 and 8.13, repeated here for convenience, 
Un, 
[]I 2 
(9.1) 
1 '2 
oj 
= 
[I 
+( 
"ch )2 
] 
(9.2) 
O)hýgh U 
This results in values of 29.9m/s and 0.93Hz for Uch and cohgh respectively. Also shown in 
Table 9.2 is the steering ratio. This is required at the input of the reference model to 
convert steering wheel angle to road wheel angle. 
9.1.2 Damping Ratio Tuning 
One of the drivers behind moving to a transfer function based reference model was to allow 
the damping ratio to be tuned directly. This is important because a pure bicycle model is 
significantly more heavily damped than the vehicle. If this scaling is not carried out, false 
intervention from the ALSID is therefore likely to occur during transients, necessitating 
larger yaw control thresholds which could potentially degrade stability control performance. 
This issue can be illustrated by comparing the step response of a pure bicycle model to the 
IODOF model at 125kph (Figure 9.1). An eigenvalue analysis of the 10DOF model, 
linearised at this speed, reveals the damping ratio to be 0.52. Meanwhile, the bicycle 
model has a damping ratio of 0.67. This suggests a value 0.78 should be used for the 
damping ratio scaling (4; 'j. 
However, as discussed in Section 8.2.4, the transfer function 
model tends to overestimate the bicycle model's damping ratio slightly and hence a scaling 
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of 0.75 was found to be the most appropriate. The reasons why the bicycle model over 
estimates damping ratio to this extent are discussed in Appendix 1. 
0.14 
0.12 
0.1 
ýa 0.08 Lo 
10.06 
0.04 
0.02 
-- --------------------------------------- -------------------------------------------- 
----------------- --------------------------------------------- ------------------------ 
--------------------------------------------------------------------------------------- 
------------------------------------------ ---------- --------------------------------- 
Figure 9.1: 125kph, 200 step steer response of reference model with damping ratio scaling of 
unity and I ODOF models 
45 --------------------------------------------------- i -------- ; --- ------------------------ 
10DOF Model 
40 Reference Model ------------ I ------- I ------ ------ ------ - --------- ----------- 
35 -------------- ----------- -------- -- - -------- ----------- -- ---- ----------- 
30 --------- I ------------ ---------------- --------------- T 
%25 
------------------------------------------- i ---- i ------------------------------ --- ------- 
20 -------------- ------------ -------- I ------- --------------------------- ---- 
15 
10 
Frequency (Hz) 
------------------------------- --------- ---------------------------------------------- 
----------- ------- -------- ---------------------------------- ------------------ -20 ------ -------- 
. 40 ------------------ ----------------- ------ ---- ---- ---------------------- ----------------- 
. 60 ------------------------------------------------- ------------------- ----------- ------------------ 
.C IL 
-80 ------ ----------- : 
. 
100 ------ T ----------- ---------------------------------------- --------------------------- ----------- 
Frequency (Hz) 
Fioure 9.2: 125kph yaw rate frequency response with a damping ratio scaling of 0.75 for the 
reference model 
The frequency response of the reference model with this scaling is compared to that of the 
10DOF model in Figure 9.2. As can be observed from the figure, a relatively close match is 
------------------------------------------------------------------------------ 
-Bicycle Mocie-lý: 
IODOF Model 
---------------------- --------------------- ---- --- 
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obtained in terms of damped natural frequency, overshoot and steady state gain. Good 
correlation is also achieved at 1OOkph (Figure 9.3b) although some deterioration does 
begin to occur at 75kph (Figure 9.3a). However, as illustrated by the step response at 
these three speeds (Figure 9.4), the correlation is sufficient in all cases for significant false 
oversteer detection to be avoided. 
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Yaw rate frequency response at a) 75kph and b) I OOkph with a damping ratio 
scaling of 0.75 for the reference model 
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Figure 9A Step response at a) 350 and 75kph, b) 2511 and 1OOkph and c) 2011 and 125kph with a 
damping ratio scaling of 0.75 for the reference model. Input amplitudes chosen to keep vehicle 
in linear region. 
9.1.3 Pure Delay Tuning 
On high-ýt, a pure delay of 20ms was found to effectively eliminate much of the phase 
difference between the reference and vehicle models. This can be illustrated by comparing 
the frequency response of the reference and vehicle models. For example, at 125kph, 
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there is a marked improvement in correlation for the phase when the time delay is added 
(Figure 9.5). 
45 ------------------------------------------------------------------ -------- ; -.. 
40 -------------- 
i 
----------- -------- ------ 11 -- ----------- --------------------- 
o36 --------------------------------------- ------------- ............ - ---------------- 
530 -------- ------ ----------------- - --------- 
25 -------------- T------------: --------), ------------r------------------------- 
-- 
IODOF Model 
20 Reference Model - wtout Pure Delay -------------------- 
i 
Reference Model -with Pure Delay 
is, 
Frequency jHz) 
----------------- --- ---- --- ---- --------- ---------------------------- I ---------------- I 
----------- -- ------------------ ------- -- ---- ----------- -------- -------- 
OL 
. 
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t 
--------------------------- --------- 
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Frequency (Hz) 
Figure 9.5: 125kph yaw rate frequency response with and without the inclusion of a 20ms pure 
delay in the reference model 
9.1.4 Saturation Tuning 
The reference model's yaw rate is saturated to account for the non-linearity of the tyres on 
the real vehicle. This saturation level is a function of the road tyre coefficient of friction. 
However if the coefficient of friction is set to a value of unity, it can be observed from the 
swept steer results of Figure 9.6 that the reference model's yaw rate saturates too early. 
This is because, at a nominal road friction coefficient of unity, the tyres are capable of 
generating lateral forces which are slightly higher than their normal load. Hence a high 
road friction value (p,,, ) of 1.1 is required by the reference model to prevent the vehicle's 
yaw rate exceeding the reference at saturation (Figure 9.6). 
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b) 
Figure 9.6: Swept steer results at a) I OOkph and b) 125kph illustrating the impact of the 
saturation level in the reference model 
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9.1.5 Feedback Controller Gains 
The feedback controller gains are tuned with a linear model using classical control 
techniques in Section 8.3.3. In order to verify this analysis on the non-linear 1 ODOF model, 
the stability of the controller in the steady state is assessed. This is achieved by carrying 
out a step steer test with the controller initially switched off. Once a steady state condition 
is reached, the controller is switched on. Ordinarily, the controller would not intervene in 
such a scenario unless the vehicle is oversteering. Hence, for this test only, the reference 
model is tuned with a significantly larger understeer gradient than that of the passive 
vehicle in order to provoke intervention from the controller. With the resulting reference 
yaw rate, suddenly switching the controller on in the steady state is equivalent to applying a 
step input to the controller, and is analogous to the tests carried out with the linear model in 
Section 8.3.3. 
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Figure 9.7: 9011,50kph step steer results with the reference model's understeer gradient scaled 
by 1.75. Controller switched on at 2 seconds. 
An example of such a step steer test, carried out at 50kph and with the reference model's 
understeer gradient set to 1.75 times that of the passive vehicle, is shown in Figure 9.7. 
The controller is switched on at 2 seconds. It can be observed from the figure that with a 
single proportional gain of 200000, the controller is indeed unstable, as predicted in the 
linear analysis of Section 8.3.3. Also as predicted, if the proportional gain is reduced to 
55000 and an integral gain of 130000 added, the controller is stable and is able to track the 
reference model accurately. This would therefore appear to verify the results of the linear 
analysis. However, if the test is repeated at 100kph (Figure 9.8), the PI controller becomes 
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highly oscillatory. This was not captured by the linear analysis, despite the fact that it was 
also carried out at 100kph (Section 8.3.3). The reason the controller loses stability as 
speed increases is due to the reduction in yaw damping exhibited by the vehicle as speed 
increases. This then explains why the bicycle model used for the linear analysis predicts a 
stable controller at this speed because, as discussed previously, the bicycle model used 
significantly over estimates damping ratio. The linear analysis is therefore repeated in 
Appendix J with the transfer function based reference model (as tuned in Sections 9.1.1 
and 9.1.2) used instead of the bicycle model. Since this model gives a more accurate 
representation of the level of damping in the 10DOF model, the linear analysis now 
correctly predicts instability at 100kph with the 55000/130000 proportional/integral gain 
combination. This is illustrated in Appendix J, where it is also shown that in order to obtain 
a sufficiently well damped response, the linear analysis predicts that the proportional and 
integral gains have to be reduced to around 10000 and 100000 respectively. This result is 
verified in Figure 9.8 where it is shown that the controller's stability is restored if these gains 
are employed with the 1 ODOF model. 
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Figure 9.8: 600,1 OOkph step Steer results with the reference model's understeer gradient scaled 
by 1.45. Controller switched on at 3 seconds. 
Clearly, it is possible that these gains could also result in an unstable response at higher 
speeds. However the influence of an ALSID in the steady state at speeds greater than 
100kph is negligible as the minimum radius turn that the vehicle can travel on is too large to 
allow significant torque transfer between the rear wheels (before the differential locks). 
Even at 100kph, the maximum torque transfer the differential can apply in the steady state 
is less than 20ONm. Hence, even though the 55000/130000 gain controller is unstable the 
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amplitude of the oscillation in the yaw rate is relatively small (Figure 9.8a). The stability of 
the controller at higher speeds is therefore not considered and proportional and integral 
gains of 10000 and 100000 respectively are carried forward for the remainder of the 
analysis. Note that even though controller stability is not considered above 100kph, this 
does not imply that it is not necessary to tune the reference model above this speed, since 
large transient interventions are still possible across the vehicle's speed range. 
9.1.6 Feedforward Tuning 
The feedforward torque transfer request is applied using a smoothing function that should 
be tuned such that it is as aggressive as possible (to give maximum speed of response) 
without destabilising the controller. To illustrate the impact of the smoothing function, two 
different shapes, as shown in Figure 9.9 are compared. Tune 1 has a gain ( from 
Equation 8.43) of 20 whilst tune 2 has gain of 40. In both cases the parameter x,.,.. (see 
Equation 8.43) is adjusted such that at a yaw rate error of zero, the scaling does not 
exceed 0.03, thus eliminating significant false intervention. 
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Figure 9.9: Altemative feedfbrward scalings 
The two feedforward tunes are compared in the same 100kph step steer test used to tune 
the feedback controller in the previous section. The results, shown in Figure 9.10 confirm 
that the feedforward fulfils its purpose of significantly improving the speed of response of 
the controller. It can also be observed that the tuning of the smoothing function directly 
relates to this improvement, the more aggressive the tune, the faster the response. 
However, as the smoothing function becomes more aggressive, so the negative impact on 
the stability of the controller becomes more evident, with tune 2 exhibiting significant 
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oscillation. Tune 1 in this case represents a better compromise between speed of 
response and stability. It should be noted that, in the same way as the bandwidth of the PI 
controller can increase as speed reduces, so the smoothing function can become more 
aggressive without adversely effecting stability. For example at 50kph, Tune 2, rather than 
Tune I offers the better compromise between stability and speed of response. However 
since the controller must be stable across the speed range, Tune 1 is carried forward for 
the remainder of the analysis. 
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Figure 9.10: 600,1 OOkph step steer results with the reference model's understeer gradient 
scaled by 1.45. Controller switched on at 3 seconds. 
9.1.7 Threshold Tuning 
Due to the fact that the reference model does not perfectly match the vehicle, it was 
necessary to introduce a yaw error threshold for both the feedback and feedforward 
controllers in order to prevent false intervention. In order to assess the level of false 
intervention across the frequency range, a swept sine steer test is employed. The test is 
carded out in the linear region so that the passive vehicle would remain stable and hence 
the intervention from the controller should be negligible. The steering wheel input 
frequency range is increased linearly from 0 to 3Hz. 
Figure 9.11 shows the results from such a swept sine test carried out at 50kph. As can be 
observed from Figure 9.11 b, false intervention begins to occur from frequencies as low as 
0.75Hz, with the amplitude of the requests increasing significantly beyond around 1.25Hz 
(reached at 5 seconds). However, at 1.25Hz the steering wheel angle velocity peaks at 
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around 8001/s and it is only in extreme manoeuvres where velocities higher than this are 
likely to be seen. Hence only false intervention below 1.25Hz is of significant concern and 
as may be observed from the figure, this can be largely eliminated by introducing a yaw 
error threshold of 0.01 rad/s. If the test is repeated at higher speeds, the magnitude of 
false intervention tends to reduce since, as illustrated in Section 9.1.2, the correlation 
between reference model and passive vehicle increases as speed increases. A threshold 
of 0.01 rad/S is therefore carried forward for the remainder of the analysis. 
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Figure 9.11: 50kph, 9011 swept sine steer results with different yaw error thresholds. 
Input frequency linearly increased from 0 to 3Hz at 12 seconds. 
The modifications to the reference model discussed in Section 8.2, namely the scaling of 
the damping ratio and the addition of a pure delay, were introduced with the objective of 
improving the correlation with the passive vehicle and hence reducing false intervention. In 
order to assess the extent to which these modifications have reduced the required 
controller threshold, the same swept sine steer test is carried out with a pure bicycle model 
reference (i. e. with the damping ratio scaling set to unity and the pure delay removed). The 
results are shown in Figure 9.12 where it can be seen that false intervention is increased 
dramatically compared to the 'tuned' reference model (with the damping ratio scaling and 
pure delay applied). For example, at 1.51-lz (reached at 6 seconds), the false intervention is 
increased six fold (from 115Nm to 71ONm). In order to reduce the false intervention 
observed with the bicycle model reference so that it is comparable with that of the tuned 
reference model, the yaw error threshold would need to be increased from 0.01 to 0.08 
rad/s. The impact of such an increase on stability control performance is discussed in the 
next section. 
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Figure 9.12: 50kph, 900 swept sine steer results with different reference model tunes. A yaw 
error threshold of 0.0 1 rad1s is employed in both cases. Input frequency linearly increased from 
0 to 3Hz at 12 seconds. 
9.1.8 Summary of Tuning Process 
The process for tuning the ALSID controller has been illustrated in this Section. The tuning 
parameters chosen are summarised in Table 9.3 and the individual steps in the tuning 
process are summarised in Table 9.4. The parameters chosen here are used for the 
remainder of the analysis in this section and are used as the starting point for the on- 
vehicle tuning described in Section 10. 
Parameter Value Units 
Characteristic Velocity (U, *) 29.9 m/s 
Natural Frequency (whgh) 5.84 rad/s 
Reference Model Damping Ratio Scaling (C 0.75 
Pure Time Delay 0.02 s 
High Road Friction Coefficient (uHj) 1.1 
Proportional Gain (Kp) 10000 Nm. s/rad 
Feedback Control Integral Gain (KI) 
Yaw Error Threshold (x, ) 
100000 
0.01 
Nm. s"/rad 
rad/s 
Feedforward Control 
Smoothing Function Shift (xFF) 0.09 rad/s 
Smoothing Function Scaling (Kp-p) 20 
Table 9.3: Values chosen for tuneable parameters 
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Step Description Method Summary 
I Tune Reference Model 
Tune Characteristic Obtain vehicle's understeer gradient from a constant radius 
Velocity (Uh) test. Convert to characteristic velocity using Equation 9.1. 
Linearise model at a specific speed (e. g. 125kph) and Tune Natural Frequency 
1.2 obtain natural frequency from eigenvalues. Convert to (Whigh) 
natural frequency at high speeds using Equation 9.2. 
Compare frequency and step response of the reference 
Tune Damping Ratio model with that of the vehicle / 10DOF model at various 
1.3 
Scaling speeds and tune damping ratio scaling until a good match is 
obtained across the speed range. 
Compare frequency response of the reference model with Tune Pure Time Delay 
1.4 that of the vehicle /1 ODOF model at various speeds and 
tune pure time delay to give best correlation with the phase. 
Carry out swept steer tests at 1 OOkph and select the 
Tune High Road Friction smallest value of p1j, that does not saturate the reference 
1.5 
Coefficient (, uHi) model's yaw rate at a lower value than the actual yaw rate. 
Check this value remains valid at lower and higher speeds. 
Tune Feedback 
2 
Controller Gains 
Tune Proportional Gain Using the tuned reference model as a linear plant model, 
2.1 
(Kp) use analysis of step response and bode plot to choose the 
values for K a dK r mise between th t i th b t - p n , comp o a g ve e es 
2.2 Tune Integral Gain (KI) speed of response and stability. 
Tune Feedforward 
3 
Smoothing Function 
- Use analysis of step response to choose a value of K,, -h. that Smoothing Function Shift 
3.1 gives the best compromise between speed of response and (XFF) 
stability. 
Smoothing Function Tune x,,, such that at a yaw rate error of zero, the scaling 
3.2 
Scaling (KFF) does not exceed 0.03, with the chosen K,, -h-. 
Carry out a swept sine test at 50kph and find the smallest 
Tune Yaw Error value of x,. that prevents significant intervention from the 
4 
Threshold (x,. ) controller below an input frequency of 1.25Hz. Check 
validity at higher speeds. 
Table 9.4. - Summary of tuning process 
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9.2 Hiqh-Lt Stabilitv Control Performance 
Having described the tuning of the reference model and controller in the previous two 
sections, this section vedfies the stability control performance of the system. This 
verification includes a comparison of this 'practical' system with the original idealistic 
controller operating with a perfect ALSID (as assessed in Section 5 and referred to here as 
the 'benchmark' system). This therefore allows the performance lost due to the introduction 
of real actuator dynamics and saturation to be quantified. The individual impact on stability 
control performance of the modifications to the reference model (to allow practical 
implementation) and the addition of the feedforward (to compensate for the speed of 
response of the actuator) are also assessed here. 
Note that in all cases the benchmark system is also operating with an understeer gradient 
target equal to that of the passive vehicle. 
9.2.1 General Performance Verification 
As in Section 5, the stability control performance of the system is analysed using the 
braking in a turn and double lane change tests (described in Section 5.3.2 and 5.3.3 
respectively). The results from the braking in a turn test are shown in Figure 9.13 where it 
can be observed that the practical system offers very comparable performance to the 
benchmark case. 
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Figure 9.13: 38mls closed loop braking in a turn test with perfect and real ALSDs. Brakes 
applied at 10 seconds. 
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For example, relative to the passive case, the practical system reduces peak steering 
correction (Figure 9.13a) and peak sideslip angle (Figure 9.13c) by 76% and 66% 
respectively. This compares to equivalent improvements of 84% and 72% for the 
benchmark system. However, from Figure 9.13d, it can be seen that, whilst the overall 
performance degradation is small, the actuator workload increases significantly in the 
practical case. The peak actual torque transfer (delivered at the clutch pack) increases 
from just over 30ONm in the benchmark case to over 120ONm (close to the saturation limit 
of the actuator) in the practical case. It is also sustained for a significantly longer period 
with the practical system. This difference in workload is principally caused by the slower 
response of the practical ALSID. In the practical case almost 0.25 seconds have elapsed 
after the brake application before the torque transfer has exceeded 50Nm. By contrast, the 
benchmark system begins to respond after just 0.15 seconds and has reached over 230Nm 
of torque transfer at 0.25 seconds. 
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Figure 9.14: 22mls closed loop double lane change test with perfect and real ALSDs. 
The two systems are also compared in a double lane change manoeuvre in Figure 9.14. 
As in the previous case, the practical system offers comparable overall performance to its 
benchmark counterpart (Figures 9.14a and b), although again this is at the expense of 
increased actuator workload (Figure 9.14c). Indeed, the practical system actually gives a 
larger improvement in driver workload on the exit of the manoeuvre, peak counter steer 
being reduced by 68% (relative to passive) compared to 59% in the benchmark case. This 
difference is due to the effect that the lower bandwidth of the practical system's controller 
and actuator has earlier in the manoeuvre. As the second steering input approaches its 
peak (and the vehicle begins to return to its original lane), both controller's detect oversteer 
and briefly request torque transfer between 1.7 and 2.1 seconds. In the benchmark case 
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the ALSID responds to this immediately but due to its lower bandwidth, the practical ALSID 
does not begin to respond for another 0.1 seconds (Figure 9.14c) and, more significantly 
does not return to zero before the next detection of oversteer at around 2.5 seconds (unlike 
the benchmark ALSID). The additional torque transfer thus applied between 2.1 and 2.5 
seconds reduces the vehicle's sideslip angle (Figure 9.14b), making it more stable as it 
approaches the exit of the lane change. However, such differences in overall performance 
between the benchmark and practical cases are relatively insignificant when considered in 
the context of improvement over the passive vehicle. The key point here is that similar 
stability control performance is achieved with the practical system despite the reduction in 
bandwidth. 
9.2.2 The Impact of Feedforward 
The contribution of the feedforward function (described in Section 8.4) is assessed in the 
same closed loop braking in a turn manoeuvre as employed in the previous section. As 
can be observed from Figure 9.15, driver workload is reduced by the addition of 
feedforward with the steering correction resulting from the brake application reducing from 
850 to 660. However, relative to the passive case (Figure 9.15), this represents an 
improvement of just 7% (where the steering correction is 2700). The feedforward offers a 
relatively small improvement here partly because the manoeuvre is closed loop and the 
impact of the slower response of the ALSID can therefore be reduced by a faster response 
from the driver. Similar improvements are therefore also observed in the double lane 
change manoeuvre. 
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Figure 9.15: 38rTVs closed loop braking in a turn test with and without feedthrward. Brakes 
applied at 10 seconds. 
If the braking in a turn manoeuvre is carded out in open loop fashion (where the steering 
input is held after the brake application), the effect of the feedforward becomes more 
apparent as shown in Figure 9.16. Here the passive vehicle goes into a spin as a result of 
the brake application (Figures 9.16a and b) and, without the feedforward, the ALSD is only 
able to slow down the increase in yaw rate and sideslip angle, it is unable to stabilise the 
vehicle. However, with the feedforward on, the controller responds significantly faster to 
the sudden generation of oversteer (Figure 9.16c) and the vehicle is stabilised. 
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Figure 9. 16: 38mls open loop braking in a turn test with and without feedforward. Brakes 
applied at 10 seconds. 
9.2.3: The Impact of the Reference Model Modifications 
As discussed in Section 9.1.7, without the modifications to the reference model (designed 
to improve its correlation with the passive vehicle), the yaw error threshold required to 
avoid false intervention increases from 0.01 rad/s to 0.08 rad/s. The impact this has on 
stability control performance is illustrated with a double lane change test (Figure 9.17). 
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Figure 9.17: 22mls closed loop double lane change test with different reference model tunes. 
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Here two control systems are compared, one with the tuned reference model and a yaw 
error threshold of 0.01rad/s and one with a pure bicycle reference model and a yaw error 
threshold of 0.08 rad/s. As can be 
observed from Figure 9.17a and 
9.17b, for the ALSD result with the 
pure bicycle reference model, both 
driver workload and peak sideslip 
angles are increased relative to the 
result with the tuned bicycle model. 
For example, relative to the passive 
case, peak sideslip angle is reduced 
by 63% with the tuned reference 
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Figure 9.18: 38mls open loop braking in a turn test 
with different reference model tunes. 
model but only by 45% with the OfdKe. S dpPlIeC at IU SVCUnU, 5. 
bicycle model. This is because, with its larger threshold, the controller with the bicycle 
reference model begins to apply torque transfer significantly later in the manoeuvre, as 
shown in Figure 9.17c. The controller with the bicycle reference model also fails to match 
its counterpart with the tuned reference model in an open loop braking in a turn test. As 
shown in Figure 9.18, it fails to stabilise the vehide in this manoeuvre. 
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Figure 9.19: 28mls, 901 double step steer test with different reference model tunes. 
However the impact of the reference model tune is not always so dramatic. For example, 
in a double step steer test (Figure 9.19), the difference between the two cases is relatively 
minor. Here the vehicle is travelling at a constant speed of 28m/s whilst a step steering 
input of 900 is applied at 1 second followed by a second input to -900 at 2 seconds before 
the steering is returned to centre at 3 seconds. In the passive case, the vehicle is unstable, 
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as can be observed from the vehicle's sideslip angle (Figure 9.19b). However in both 
controlled cases stability is recovered, the tuned reference model being only marginally 
more effective than the bicycle model controller. The reason that the difference in 
performance is less here is that, unlike in the braking in a turn example, the reference 
models are not in steady state just prior to the vehicle going unstable (Figure 9.19a). In 
steady state the two reference model produce identical yaw rates and so the larger 
threshold employed with the bicycle model significantly delays oversteer detection. In this 
case oversteer is detected before the tuned reference model reaches steady state (Figure 
9.19a) and so the fact that the bicycle model produces less overshoot largely offsets the 
fact that it has a larger threshold (i. e. the final yaw error is similar in both cases). 
A further modification to the reference model was the introduction of soft rather than hard 
saturation (see Section 8.2.6). The impact of this on stability control perforrnance can also 
be illustrated with the open loop braking in a turn manoeuvre (Figure 9.20). As shown by 
Figure 9.20b, although the vehicle is stabilised with hard saturation applied in the reference 
model, the peak sideslip angle is reduced further with soft saturation. The reason for this 
improvement is apparent from Figure 9.20a. Here it may be observed that there is a larger 
(understeering) yaw rate error prior to the brake application with hard saturation and hence 
a longer delay before the controller detects oversteer and intervenes. This is because, 
although the vehicle has not reached the limit of adhesion prior to the brake application, it is 
well into the non-linear region. With hard saturation the reference model is effectively linear 
up to the point of saturation and hence the reference yaw rate is significantly larger than 
that of the vehicle model. By contrast, with soft saturation the reference model yaw rate 
has already begun to saturate and therefore correlates more closely to the actual yaw rate. 
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Figure 9.20: 38mls open loop braking in a turn test with different reference saturation 
approaches. Brakes applied at 10 seconds. 
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9.3 Summary 
In this section the tuning process for the ALSD controller described in Section 8 has been 
defined and a tune has been obtained for the 10DOF vehicle model. The stability control 
performance of the system (controller and actuator) has also been verified across a range 
of scenarios. In the process, it has also been shown that, despite the relatively low 
bandwidth of the actuator, comparable performance to that observed with a perfect actuator 
(as described in Section 5) is obtained. This is however at the expense of increased 
actuator workload. This result goes some way to justifying the design of the controller and, 
in particular the modifications made to account for the slow response of the actuator. The 
modifications made to the reference model to improve its correlation with the passive 
vehicle have also been justified. This correlation has been improved to the extent that an 
eight-fold reduction in the required controller threshold is possible, resulting in significant 
improvements in stability control performance. 
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10 ALSDI-ligh-p Controller Validation 
Having verified the performance of the ALSID system in the simulation environment, this 
Section focuses on the validation of the system in a real vehicle. The prototype vehicle 
described in Section 2 fitted with the ALSID hardware described in Section 7 is employed 
for this task. The Matlab/Simulink ALSID controller model described in Section 8 is 
implemented directly on this vehicle using a dSPACE micro-autobox. The validation takes 
place in two stages: 
10.1 Controller Tuning 
c The tuning process carried out in the simulation environment in Section 9 is 
repeated on vehicle. However, this section simply focuses on areas where 
it is necessary to make changes to the tune obtained in the simulation 
environment. 
10.2 Stability Control Performance 
The manoeuvres employed to assess stability control performance in the 
simulation environment are repeated on vehicle and the performance 
compared. 
Having obtained and validated a controller tune for the vehicle, this is then used to assess 
how the ALSID interacts with the vehicle's standard brake based stability control system. It 
has already been shown in Section 6 that yaw control via active differentials has a number 
of advantages over yaw control using brakes (ABC). However, an ALSID cannot be seen 
as a replacement for ABC and, given the widespread fitment of such systems, it must 
therefore be able to co-exist without conflict and still offer significant benefits whilst ABC is 
operational. 
Finally, in order to demonstrate that the ALSID controller developed here is applicable to 
more than one type of vehicle, it is retuned and revalidated for an SUV. 
All of the testing caryied out in this section is on high-p surfaces. Low-p surfaces are dealt 
with in Section 11. 
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10.1 Controller Tuninq 
Due to the fact that the yaw response of the 10DOF model does not correlate exactly with 
that of the real vehicle (see Section 2.3), some retuning of the controller is necessary for 
application to the vehicle. The resulting differences in the parameters obtained for each 
case are shown in Table 10.1. Also, due to the practicalities of on-vehicle testing, there are 
some minor differences between the tuning process employed on vehicle and that 
employed in the simulation environment. This section therefore summarises the 
differences between the controller tunes obtained on vehicle and in the simulation 
environment and the process used to obtain them. 
Parameter Units 
Characteristic Velocity (IJh) 29.9 29.9 m/s 
Reference 
Natural Frequency (cpmgh) 5.84 7.50 rad/s 
Model 
Damping Ratio Scaling 0.75 0.7 - 
Pure Time Delay (r) 0.02 0.03 s 
High Road Friction Coefficient (, uH, ) 1.1 1.1 - 
Feedback 
Proportional Gain (Kp) 10000 10000 Nm. slrad 
Control 
Integral Gain (KI) 100000 100000 N 4mý. -s/ r aid- 
Yaw Error Threshold (x, ) 0.02 rad/s 
Feedf rward Smoothing Function Shift (x") 0.09 0.09 rad/s 
Control Smoothing Function Scaling (KFF) 20 20 - 
I aD/e 7 u. 7., L; ompanson ot values cl7osen for tuneable parameters in the simulation 
environment and on vehicle. Changes highlighted in red. 
10.1.1 Reference Model Tuning 
As shown in Section 2.3 the simulation model correlates almost exactly with the real vehicle 
in the steady state but differs somewhat in its transient response. Hence whilst the steady 
state reference model parameters (characteristic velocity and high road friction coefficient) 
are unchanged from the simulation environment (see Appendix K), some retuning of the 
transient parameters (natural frequency, damping ratio scaling and pure delay) is 
necessary, Each of these parameters are now dealt with in turn. 
(i) Natural Frequency 
Clearly, the system identification technique used to obtain the natural frequency of the 
simulation model is not applicable on vehicle. On-vehicle, damped rather than undamped 
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natural frequency is measured from a frequency response test. This is then converted to 
undamped natural frequency using the expression, 
0)d -"ý 0)n (10.1) 
where the damping ratio is the scaled bicycle model damping ratio calculated at the speed 
at which the frequency response test is carried out (using Equation 8.18). The resulting 
undamped natural frequency is then converted to natural frequency at high speeds as 
before using Equation 8.13. This method of obtaining the vehicle's natural frequency is 
chosen because damped natural frequency is a standard corporate test metric and is more 
readily available than undamped natural frequency. 
Using this process, damped natural frequency effectively becomes the tuneable parameter 
in this tuning step. Undamped natural frequency is then simply calculated from the 
damping ratio scaling tuning described below. The measured damped natural frequency at 
120kph is 10.43rad/s. With the choice of damping ratio scaling described subsequently this 
gives an undamped natural frequency at high speeds of 7.50 rad/s. This compares to the 
5.84 rad/s obtained for the 1 ODOF model. Such a difference is to be anticipated given that 
the damped natural frequency of the model is significantly lower than that of the real vehicle 
(see Section 2.3). 
Note that this is the only modification to the tuning process that is made for on-vehicle 
tuning. All subsequent tuning is carried out as described for the simulation environment in 
Section 9.1. 
(ii) Damping Ratio Scaling 
The vehicle is marginally less well damped than the simulation model so it is necessary to 
reduce the damping ratio scaling from 0.75 to 0.7. An example of the resulting correlation 
in step response at 1OOkph is shown in Figure 10.1. More detailed results can be found in 
Appendix K where it may be observed that the correlation with the reference model in step 
and frequency response is of a similar quality to that obtained in the simulation 
environment. 
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Figure 10.1: Step steer response correlation between vehicle and reference model at I OOkph 
(30" step input), vehicle response averaged across three runs. 
(iii) Pure Delay 
The phase lag between the reference model and real vehicle is larger than that observed in 
the simulation environment, necessitating an increase in pure delay from 20ms to 30ms. 
As in the simulation environment, this time delay was found to be relatively independent of 
both input frequency and vehicle speed (assuming the vehicle is not at the limit of 
adhesion) and can therefore be applied as a constant on high-P. Backlash in the vehicle's 
steering system and discrepancies between the actual and modelled tyre relaxation length 
could account for the 1 Oms difference between the simulation model and real vehicle tunes. 
10.1.2 Controller Tuning 
it is not necessary to modify the feedback controller gains or the feedforward smoothing 
function tune for application on vehicle since, as in the simulation environment, they gave 
an acceptable compromise between stability and speed of response (see Appendix K for 
verification). However, some retuning of the yaw error threshold was required. In the 
simulation environment a threshold of just 0.01rad/s was required to eliminate any false 
intervention below 1.25Hz during a 50kph, 900, swept sine test. However, for the same test 
on-vehicle, a significantly larger threshold of around 0.05rad/s is required. The discrepancy 
between the two cases is due to a combination of sensor noise, sampling and the fact that 
the reference model matches the simulation model marginally better than the real vehicle 
(see Appendix K). However, subjectively, it is only necessary to set the threshold to 
0.01 rad/s before it is no longer possible for the driver to detect the activity of the differential, 
despite the fact that significant torque requests are made (Figure 10.2). This is because, at 
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0.01rad/s, the duration of the torque transfer requests are so short that they are almost 
completely filtered out by the actuator dynamics (Figure 10.2b). However, for on vehicle 
application actuator durability is also a consideration when setting thresholds and at 
0.01rad/s, activity is observed at input frequencies of less than 0.5Hz. This means that 
unnecessary torque transfer requests from the controller are likely to occur frequently 
during even relatively sedate driving. However, actuator workload can be significantly 
reduced by a small increase in yaw error threshold to 0.02rad/s. This eliminates ALSID 
activity completely up to almost 1Hz. As was observed in the simulation environment, at 
higher speeds correlation with the reference model improves and so a threshold of 
0.02rad/s is acceptable throughout the speed range. 
160 
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Figure 10.2: Requested and actual controller intervention during a 50kph swept sine test. Input 
frequency reaches 1.25Hz at approximately 37 seconds. Yaw error threshold= 0.01radls 
It was shown in the simulation environment, that if a pure bicycle model reference is used 
(without a scaled damping ratio or additional pure time delay), false intervention increased 
dramatically and in order to reduce it to an acceptable level the yaw error threshold had to 
be increased to 0.08rad/s. The same behaviour is observed on the vehicle, except that 
here it is necessary to increase the yaw error threshold further, to 0.16rad/s in order to 
achieve equivalent false intervention to that observed with the modified reference model 
with a threshold of 0.02rad/s. A larger threshold increase is required in this case because 
the vehicle's yaw response differs from a bicycle model even more than the simulation 
model, a fact illustrated by the larger pure delay and smaller damping ratio scaling used to 
tune the reference model on vehicle. The benefits of the reference model enhancements 
described in Section 8.2 are therefore likely to be at least as great on vehicle as they 
proved to be in the simulation model. 
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10.2 Hiqh-v Stability Control Performance 
In Section 5 it was shown that an ideal ALSID possessed the ability to maintain vehicle 
stability in scenarios where it would otherwise be lost. In Section 9 it was predicted that 
this ability would be retained even if the practical limitations of a real actuation system 
(response time and finite torque transfer capacity) were imposed. In this section the 
predicted stability control performance of an ALSID is validated on a real vehicle using the 
same manoeuvres that were employed during the virtual analysis. 
As in Section 9, the stability control performance of the system is analysed using braking in 
a turn and double lane change tests. The braking in a turn manoeuvre is carried out on a 
120m radius trajectory at 100kph (Figure 10.3), the maximum speed that can be achieved 
on this radius (yielding a lateral acceleration of 0.9g). Once the vehicle has reached steady 
state (Figure 10.3a), the steering wheel angle is held fixed (Figure 10.3b) and a constant 
brake pressure is applied (Figure 10.3c), yielding a deceleration of approximately 0.3g. 
This brake pressure was chosen on the basis that it consistently caused maximum 
instability in the passive vehicle, causing it to go into a spin (Figure 10.3b). 
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Figure 10.3: 1 OOkph, 120m radius braking in a turn manoeuvre, passive. 
However, as predicted in the simulation environment, with the ALSID controller switched on, 
the vehicle is stabilised by the application of torque transfer to the inside wheel. An 
example of this is shown in Figure 10.4 where it can be seen that, shortly after the brake 
application, the yaw rate begins to rise rapidly (as in the passive case) as the vehicle is 
destabilised. However, with the controller switched on the ALSID begins transferring torque 
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as soon as the actual yaw rate exceeds the reference and the actual yaw rate is thus 
prevented from increasing further. In order to confirm the validity of this result, the test was 
repeated a total of 23 times with the controller switched on and vehicle stability was 
maintained in all but one (96%) of the runs. 
It should be noted that this test was carried out whilst the reference model tune was 
relatively immature. As a result, there is a large error (approximately 0.1 rad/s) between the 
reference and actual yaw rates in the 
0.46 ---------- ......... .......... .......... ------------ steady state (Figure 10.4a). However, 
0.4 ----------- .......... ---------- 
this would only serve to degrade the 
B 0.36 . .... ... ........... .... --- -- --------- performance of the system (since it is 
0.3 -- ----- ---------- 4 ------ .... ...... .... analogous to running with a large yaw 
0.25 ---- - --- I ---------- error 
threshold) and hence, for the 
0.2 -- ----- ---------- ------ - Referenc purpose of 
illustrating overall stability 
- Actual 
I 
0 6L ý ' control performance, this is still a valid 12 14 16 i 8i s 
, nme (s) result. All subsequent results in 
a) Section 10.2 are obtained with the 
-SW --------------------------------------------- I ------------ E reference model and controller tuned 
6W --------------------------------- ----- ---- ......... as described in Section 10.1. It 
should also be noted also that this test 
400 --------------------- I ----------- -- - --------- 
nied out with the vehicle's ABS was ca 
'0200 ---------- ---------- ---------- system disabled. During braking in a 
0 turn events many advanced ABS 0 8 10 12 U is is 
'rime (3) systems automatically redistribute 
b) brake pressure so that more pressure 
Figure 10.4: 1 OOkph, 120m radius braking in a is applied at the outside wheels than turn manoeuvre. ALSD on, brakes applied at 
14.1 seconds. at the inside wheels and, in the case 
of the prototype vehicle, this made it impossible to destabilise the vehicle in this manoeuvre 
on the radii of turn available (the maximum being 1 20m). Hence the stability benefit being 
offered by the ALSD here may not be a real worid benefit for vehicles equipped with 
advanced ABS systems. However, it is still included here as validation of the simulation 
results and as an illustration of the potential of the system. More detailed analysis of the 
interaction of the system with ABS and braked based stability control is given later in this 
section. 
The perforrnance of the system is also validated in a double lane change manoeuvre. Here 
the vehicle is driven through the course shown in Figure 10-5. The manoeuvre is carried 
out off throttle (the throttle is released at the entry gate) with the maximum initial speed that 
still allows the driver to steer through the cones without losing control of the vehicle. Due to 
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the closed loop nature of this test, large numbers of both passive and controlled runs are 
required to ensure that the results are meaningful. In addition, passive and controlled runs 
are continuously interchanged to ensure comparable levels of tyre wear, tyre temperature, 
track condition and driver familiarity in each configuration. Also any runs where the initial 
speed significantly deviates from the target are discarded. 
w 
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Figure 10.5. - Double lane change course. 
The steering wheel angle time histories for passive runs carried out with a target initial 
speed of 125kph are shown in Figure 10.6. As can be observed, there is significant run to 
run variation and, in the majority of cases the driver is applying counter steer at some point 
in the manoeuvre. 
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Figure 10.6: Steering wheel angle time histories for 9 double lane changes carried out with a 
target initial speed of 125kph (average actual initial speed = 127.2kph). Passive vehicle. 
Average trace shown in black. 
This double lane change requires three distinct steering inputs, one to the left to steer 
towards the second gate, one to the right to steer through the second gate and towards the 
exit gate and one back to the left to return to straight ahead. Hence, if there is a fourth 
steering input (as there is in many of the runs), the vehicle is oversteering as it comes 
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through the exit gate and the driver is applying counter steer. However, the vehicle can 
also begin to oversteer as it exits the second gate and hence the third steering input can 
also include counter steer. This point can be illustrated further by considering a specific 
example (Figure 10.7). Here it is clear from the comparison of the reference and actual 
yaw rates (Figure 10.7b) that the vehicle is oversteering after the second steering input as 
the two yaw rates have become significantly out of phase and the third steering input 
(Figure 10.7a) is therefore (initially at least) counter steer, since the steering input and yaw 
rate are of opposite sign. 
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Figure 10.7: Example of vehicle and driver behaviour duilng a passive double lane change 
carried out with a target initial speed of 125kph. 
The steering wheel angle time histories for 8 runs with the controller active are shown in 
Figure 10.8. As can be observed, there is significantly less run to run variation than in the 
passive case, which in itself is an indication that the vehicle is easier to drive. This 
increased consistency is illustrated by the dramatic reduction in the variance of the peak 
values of the third and fourth peak steering inputs of the controlled runs relative to the 
passive runs. Note that, in the controlled case, counter steer on the exit of the manoeuvre 
is largely eliminated (see below) so there is no fourth input. 
Tab) 
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Figure 10.8. - Steering wheel angle time histories for 8 double lane changes carried out with a 
target initial speed of 125kph (average actual initial speed = 126.4kph), Active vehicle. 
Average trace shown in black. 
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Figure 10.9 Comparison of average steering wheel angle time histories for passive and 
controlled cases during a double lane changes carried out with a target initial speed of 125kph. 
The impact of the ALSD on driver workload is shown clearly in Figure 10.9 where the 
average steering inputs from the passive and active cases are compared. Here it can be 
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observed that all counter steer on the exit of the manoeuvre has been eliminated and the 
magnitude of the third steering input has also been reduced by over 50%. In both cases 
this indicates significantly greater stability. Note that the validity of this conclusion is 
supported by the fact that there is less than 0.5% difference between the average actual 
entry speed for the two cases (1 27.2kph for passive and 126.4kph for controlled). 
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Figure 10.10 ,- 
Comparison of passive and controlled example of driver, vehicle and controller 
behaviour during a double lane change carried out with a target initial speed of 125kph. 
Typical passive and controlled runs are compared in Figure 10.10. Once again, it is clear 
from Figure 10.10a that driver workload is dramatically reduced. This is reflected in the 
controlled vehicle's yaw rate, which is now largely in phase with the reference yaw rate 
throughout the manoeuvre (Figure 10.10b). This result confirms the observation made in 
the simulation environment that, even in an extreme manoeuvre such as this, the ALSD is 
still capable of forcing the vehicle to track the reference yaw rate, even if it does not do so 
precisely. It achieves this through the application of torque transfer from the point when the 
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steering input begins to return to centre after going through the entry gate (Figure 10.10c). 
The controllers request builds throughout the manoeuvre as the vehicle becomes more 
unstable with each successive steering input. However, because it is unable to force 
precise tracking of the reference yaw rate, the controller's request eventually reaches its 
saturation value. The ALSID runs out of authority here because, by 2.5 seconds, the 
differential has become locked, rendering further torque transfer impossible. This is 
reflected in Figure 10.10c where the it can be seen that the delivered torque transfer is no 
longer able to follow the requested torque transfer beyond this point (note the requested 
torque transfer is unsigned). Note that the magnitude of the delivered torque transfer 
compares favourably with that observed in the simulation environment. For example, the 
peak delivered torque transfer following the third steering input is 576Nm on vehicle and 
507Nm in the simulation environment. 
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Figure 10.11: Double step steer manoeuvre carried out from a target initial speed of 125kph in 
a) passive and b) controlled configurations. Results averaged over 6 runs in each case. 
In order to confirm that the improvement in stability observed in the double lane change 
manoeuvre is not distorted by the presence of the driver in the loop, a double step steer 
manoeuvre is also carried out. This is performed in the same way as in the simulation 
environment with a step steering input of 900 applied and held for approximately 1 second, 
followed by a second input of -1800, which is also held for approximately I second before 
returning to zero. However, unlike in the simulation environment, the manoeuvre is carried 
out off throttle to improve repeatability and in the passive case the driver is allowed to apply 
counter steer after the final steering input to stabilise the vehicle and hence prevent 
excessive rear tyre wear. As in the double lane change, passive and controlled runs are 
intermingled to ensure similar levels of tyre wear and temperature in each case. The 
manoeuvre is carded out with a target initial speed of 125kph and the time averaged results 
for 6 passive runs and 6 controlled runs are shown in Figure 10.11. In the passive case 
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(Figure 10.11 a) it can be observed that the vehicle begins to oversteer after the second 
steering input and it is only the application of counter steer by the driver (indicated by the 
reference yaw rate going positive after 4 seconds) that brings the yaw rate vehicle back 
under control. By contrast, in the controlled case (Figure 10.11 b), the actual yaw rate 
tracks the reference closely throughout the manoeuvre. This is therefore further 
confirmation of the effectiveness of an ALSD as a stability control device 
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10.3 Interaction with ESP 
In Section 6a brake intervention based yaw controller (ABC) was developed and its 
performance was compared with an ALSID and a TVID in the simulation environment. This 
study showed that an ALSID possesses advantages over ABC, in terms of efficiency and 
intrusiveness, because of its ability to execute yaw control primarily by transferring rather 
than dissipating energy. In order to expand upon the results of Section 6, the stability 
control performance of the ALSID control system on the prototype vehicle is compared with 
the performance of the vehicle's standard brake intervention based stability control. This 
system is supplied as a 'black box' controller to Jaguar by an external supplier and is 
referred to (as it is by the supplier) as Electronic Stability Program (ESP), to distinguish it 
from the ABC developed for the simulation environment analysis in Section 6. 
A comparison with ESP is of particular importance because such systems are now 
standard fitment on premium vehicles and in many cases (although not in the case of 
Jaguar vehicles) it can not be switched off. It has already been shown in Section 6 that the 
overall yaw moment authority of an ALSID, although substantial, does not match that of 
ESP and it could not therefore be considered as a replacement (especially since ESP is 
cheaper). To be worthy of implementation on premium vehicles an ALSID stability control 
function must therefore still be able to offer benefits whilst operating alongside ESP 
systems. In addition to comparing stand alone operation of ALSID and ESP, this section 
therefore also considers how the two systems interact when operating simultaneously, the 
objective being to investigate whether overall yaw control and intrusiveness (via reduced 
brake interventions) are improved by the addition of ALSID. Finally, areas in which the two 
systems may conflict are also considered and a simple 'synchronisation strategy' is 
developed to harmonise simultaneous operation. 
10.3.1 ESP Overview 
As described above, the ESP algorithm is supplied to Jaguar in 'black box' form. Hence it 
is not possible to describe the algorithm in detail or monitor internal controller signals. 
However, sufficient details are available to provide a brief overview. ESP contains three 
distinct functionalities, anti-lock braking (ABS), traction control (TCS) and yaw control. The 
yaw control function is of principal interest with regard to interaction with the ALSID and a 
simplified view of the structure of this algorithm is shown in Figure 10.12. As can be 
deduced from this diagram, the controller bears some similarity to the ALSID controller in 
that it is reference model based and yaw rate is the sole control variable. However, there 
are also significant differences: 
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0A simple 2DOF physical bicycle model, rather than a transfer function, is used to 
generate a reference yaw rate. 
0 PID rather than PI control is employed. 
Controller thresholds are implemented via 'activation logic' applied at the exit of 
the controller rather than simply being removed from the yaw error at the input. 
Separate 'entrance' and 'exit' thresholds are used to respectively trigger and 
terminate controller intervention (the entrance threshold generally being larger 
than the exit). 
Additional brake control logic is required to convert the yaw moment request to a 
brake pressure request and to determine which of the four brake actuators to use. 
c 
In addition to these features, it is also known that: 
* Separate thresholds are employed for under and oversteer detection. 
0 Controller thresholds are variable depending on the driving situation. 
The estimated difference in sideslip angle between the front and rear axles is used 
to confirm understeer detection. 
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For understeer control, engine 'torque down' is used in addition to brake 
intervention on the rear wheels. 
For oversteer control, single wheel braking (on the front wheels only) is employed. 
A friction estimation function is used to modify the reference yaw rate on low-p 
surfaces. 
The yaw control function interacts closely with ABS to ensure any brake pressure 
requests do not cause the wheels to lock. 
10.3.2 Synchronisation with ALSD Control 
In order to correct oversteer, ESP uses front brake intervention only and cannot therefore 
be compromised by intervention from a rear ALSID. However for understeer correction, 
ESP uses rear brake intervention and could therefore be compromised if the ALSID is not 
fully open. Such a conflict could arise if ALSID is detecting oversteer whilst ESP is 
detecting understeer or if the vehicle has gone into understeer immediately following an 
oversteer event and the ALSID has not yet fully unlocked. Clearly, the most effective way of 
eliminating the first possibility would be to create a fully integrated controller with a common 
reference model. However, since ESP is supplied as a black box controller, only a limited 
synchronisation between the two controllers is possible. 
In order to avoid conflicts such as those described above a simple interface is therefore 
employed whereby ESP is able to limit the torque transfer request from the ALSID controller 
(Figure 10.13). There are two scenarios where this interface is employed by ESP: 
e When ESP is performing understeer control 
9 Dudng ABS events 
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In both cases the torque transfer request is instantaneously set to zero. It is necessary to 
open the differential during ABS events due to a potential conflict on split-p surfaces. Here 
it is possible that with a locked differential, ABS will not recognise that the vehicle is on a 
split-[t surface and hence will not limit the brake pressure to the low-p wheel. This could 
then cause the high-p wheel to lock and thus dramatically degrade stability. Note that 
traction events are likely to place additional requirements on this interface but since only 
the stability control function of the ALSID (which is turned off in traction events) is being 
considered here, this is not covered here. 
10.3.3 Stability Control Performance 
The stability control performance of ESP and ALSID is initially compared using the same 
double lane change and double step steer manoeuvres as described earlier in Section 
10.2. Again the tests are carried at speeds which would cause the passive vehicle to be 
unstable. In each test, three active configurations are tested, ESP only, ALSID only, and 
finally, ESP operating simultaneously with ALSID. In the case where the two systems 
operate together, the ESP controller tune is unchanged from the one used when it is run in 
isolation (no retuning is carried out). Also, in order to allow easier assessment of relative 
stability, the vehicle was fitted with a longitudinal and lateral velocity sensor for 
measurement of sideslip angle in these tests. All results shown are averaged over at least 
5 runs. 
160 
4) 
2,100 
0 
60 
ab 
-60 
. 1000 
0.8 
v 0.6 
0.4 
0.2 
>' . 0.2 
. 00A 
0 
--------------- ----------------------- -------------- 
------------------------------- ---------------------------- 
............. ............ 
------------ -------- ------------- -------- --- --- - 
------------ ------------ .............. 
0.6 1 1.6 2 2.5 
Ilms (S) 
a) 
--------------------------------------- -------------------- 
Passive 
............. I .............. ESP 
Only 
- -- -------------------------- ALSD Only ESP + ALSD 
------------ 
------- - ----------------- ........ ............ 
3.6 4 4j6 6 
------------------------- ------------ --------------------- T 
------------------------- ------------- ------------ -------- 
................................. ................. ................ 
---------------- ......... ---------------- -------------------- 'j. 
.......... ------------------------ --------------------- 
. -i 
-------------------------- ......... --------------- 
---------------------------------------- 
---------------- 
----- ---- - 0.6 1 1.6 2 2.6 Time (s) b) 
------------- ............ ------------ --- -------- 
.......... --------------------------------------- .... ..... . .......................................... 
............. ----------------------I------------- 
------------- .......... ....... .... ------------ , 
---------------- .............. 
---------------------------------------- ............ 
4b 6 
Figure 10.14: Diver workload and yaw response with various active systems during the double 
lane change manoeuvre. 
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The driver workload and yaw rate during the double lane is shown in Figure 10.14. Whilst 
all three configurations show a substantial reduction in driver workload compared to a 
passive vehicle, there are still differences between them. As can be seen, whilst the yaw 
rate traces (Figure 10.14b) for all three configurations are in phase, with ESP only the 
driver's steering input significantly leads the other two configurations. Also with ESP only, 
the driver has to apply 200 of counter steer on the exit of the manoeuvre. It would therefore 
appear that ESP alone is the least stable of the three configurations. This is illustrated 
further by the sideslip angle time histories for the active configurations (Figure 10.15) where 
it may be seen that ESP only produces the largest peak sideslip angles. Overall, the most 
stable result is obtained with the two systems operating simultaneously, where the peak 
sideslip angle is 22% less than with ESP alone. ALSID only also produces slightly lower 
peak sideslip angles than ESP only. However, this should not be taken as an indication 
that ALSID has greater yaw moment authority than ESP. ALSID appears to perform better 
than ESP in this manoeuvre simply because it intervenes much earlier. For example, 
within 2 seconds of the start of the manoeuvre the ALSID has become fully locked, whilst at 
the same time the first brake intervention from ESP has only just started and does not 
reach its final value for a further 0.75 seconds. This therefore suggests that the ALSID is 
operating with significantly smaller yaw error thresholds than ESP, something that it has the 
advantage of being able to do because its interventions are not noticeable by the driver. 
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Fioure 10.15: Sideslip angle for various active systems during the double lane change 
manoeuvre. 
In addition to the improved stability control offered when ALSID and ESP operate 
simultaneously, there is a dramatic reduction in the magnitude of the brake interventions 
457--ý 
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required from ESP (Figure 10.16). ESP uses two distinct brake interventions to stabilise 
the vehicle during this double lane change, an intervention on the front left wheel (Figure 
10.16a) to eliminate oversteer as the driver steers the vehicle back towards the exit gate 
and an intervention on the front right wheel (Figure 10.16b) to eliminate oversteer as the 
driver attempts to return the vehicle to straight ahead. With the additional yaw moment 
authority of the ALSID to stabilise the vehicle, the peak brake pressure in the first 
intervention is reduced by 74%, whilst in the second intervention it is reduced by 46%. The 
duration of the second intervention is also substantially shorter. Subjectively, this 
translates into a substantial reduction in intrusiveness. 
40 
30 
120 
10 
U. 
n 
------------------- 40 
in 
20 
10 
0123401234 
-rime (s) 'rime (a) 
a) b) 
Figure 10.16. - Brake pressures applied by ESP during the double lane change manoeuvre. 
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Figure 10.17: Sideslip angle during the double step steer manoeuvre. 
The improvement in stability control performance offered by ALSD and ESP operating 
simultaneously is even more dramatic in the double step steer manoeuvre. Here, the 
passive vehicle is unstable to the extent that it goes into a spin and whilst ESP alone does 
eventually restore stability, large sideslip angles are still generated during the manoeuvre 
(Figure 10.17). With ALSD and ESP operating simultaneously, sideslip angle is reduced 
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throughout the manoeuvre compared to ESP alone, with the peak value after the second 
steering input being reduced by 42%. This improved control can also be measured by the 
time taken for the vehicle to return to straight ahead after the steering wheel has returned 
to centre (which it does at approximately 2 seconds in all three cases). In the case of 
ALSID and ESP combined the sideslip angle returns to zero approximately 0.5 seconds 
after the steering input, whilst with ESP alone it takes about double this time and with ALSID 
alone, treble this time. 
As in the double lane change, the magnitudes of the brake interventions applied by ESP 
are substantially reduced when ALSID is operating at the same time (Figure 10.18). The 
most significant ESP intervention in this manoeuvre occurs on the left front wheel to 
eliminate oversteer that begins to occur after the second steering input. This is reduced by 
63% from ESP alone to ESP with ALSID (Figure 10.18a). As can be observed from Figure 
10.18c, this results in the ESP-ALSD vehicle travelling around 10kph faster than the ESP 
only vehicle at the end of the manoeuvre. Indeed, the ESP-ALSD vehicle loses less speed 
than even the ALSID only vehicle because it generates less sideslip (Figure 10.17). 
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Figure 10.18., Brake pressures and vehicle speed during the double step steer manoeuvre. 
Note that in the 'ALSD only'and 'ESP + ALSD'cases, the general rise in brake pressure on 
both front wheels after 3 seconds is due to the driver pressing the brakes. 
Note that in neither of these manoeuvres is it necessary for ESP to perform understeer 
control and therefore to request that the ALSID is opened. In these cases this simply shows 
that the ALSID interventions themselves do not cause excessive understeer. However, 
even in tests where the driving scenario causes understeer, a situation could not be found 
where significant conflict between the ALSID and ESP occurred. 
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Figure 10.19: The slalom manoeuvre. 
An example of a test where the driving scenario causes significant understeer is the slalom 
manoeuvre. Here, the vehicle is driven at constant speed through a series of 9 cones, laid 
out in a straight line, 18m apart (Figure 10.19). The vehicle is driven at a speed (around 
70kph) that is sufficient to provoke significant under and oversteer in the passive vehicle, to 
the extent that the driver cannot complete the course. ESP is therefore required to perform 
understeer control in this manoeuvre and, when operating with ALSD, it automatically 
requests that the ALSID be opened during these periods. However, in general, the ALSID 
torque transfer proved to be already zero or returning to zero because, if the vehicle is 
understeering heavily, the yaw rate is simply saturated at or below the reference value. 
Hence opening the ALSID under these circumstances proved to have little effect and did not 
prevent the ALSID from delivering reductions in peak brake pressure (during oversteer) 
comparable to those observed in double lane change and double step steer. 
10.3.4 Interaction inABS Events 
A locked differential can conflict with ABS in any scenario where it is necessary to apply 
asymmetric brake pressures to the rear wheels. Such scenarios are likely to be either a 
braking in a turn event or braking on a split-p surface. During braking in a turn, ABS pre- 
emptively reduces pressure to the inside wheels to increase stability. However, if such a 
manoeuvre is carded out with the ALSD locked (in order to represent worst case) no 
significant degradation in stability is observed. This appears to be because asymmetric 
braking on the front wheels, combined with the understeer generated by the ALSID is 
sufficient to compensate for the negation of the effect of asymmetric braking at the rear. 
Even if the ALSID is unlocked on the commencement of the ABS event, there is no 
significant impact on stability. 
By contrast, during split-p braking events, a locked differential can cause a significant 
degradation in stability when operating with ABS. This is because ABS can not detect that 
the rear wheels are on a split-p surface if the differential is locked. It therefore applies a 
high-p level of brake pressure to the low-p wheel and this can be sufficient to cause both 
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10.4 Application to an SUV 
In order to demonstrate that the ALSID control algorithm can be transferred to different 
types of vehicle, its tuning and performance for an SUV is described in this section. 
10.4.1 Prototype Vehicle 
The vehicle employed for this analysis is an all wheel drive (AWD) SUV (a Range Rover 
Sport). A full set of vehicle data is provided in Appendix A, but in order to illustrate how 
different the vehicle is from the RWD saloon which has been used up to this point, some of 
the most significant vehicle parameters are compared in Table 10.3. 
Parameter Sa - loon - S-UV 
Sprung Mass (kg) 1666 2694 
Weight distribution 53.2/46.8 47.4/52.6 
Centre of gravity height (m) 0.55 0.66 
Tyres 225/55 R 17 255/55 R 18 
Table 10.3: Comparison of Saloon and SUV vehicle parameters 
The vehicle is fitted with a rear ALSID identical to the one used in the saloon, all other 
differentials are open. It is also fitted with a brake based stability control system from a 
different external supplier to that employed on the saloon vehicle. 
10.4.2 Controller Tuning 
The controller was tuned in the same way as described for the saloon vehicle in Section 
10.1. Since the vehicle has a different yaw response to the saloon, it was necessary to 
retune all of the reference model parameters. The resulting correlation between reference 
model and vehicle is of the same quality as that obtained with the saloon, a point illustrated 
by the fact that it was not necessary to increase the yaw error threshold to avoid false 
intervention (Table 10.4). Despite the fact that the SUV is marginally less well damped 
than the saloon (as indicated by the choice of damping ratio scaling, see Table 10.4), it was 
not necessary to modify the controller gains or feedforward smoothing function to obtain a 
stable response. 
Parameter 
Value 
Units 
Saloon SUV 
Reference Characteristic Velocity (11, h) 29.9 29.9 m/S 
Model Natural Frequency (wmo) 7.50 7.50 
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wheels to lock with a resulting loss of stability. However, it was found that provided the 
ALSD is unlocked within around 0.5 seconds of the commencement of the ARS event (for p 
splits up to 0.1/0.7), any degradation in stability can be averted. Since the ALSID can in fact 
unlock in less than 150ms from the commencement of an ABS event, this requirement can 
be comfortably fulfilled. 
10.3.5 Summary 
This section has shown that, in this application at least, the yaw moment authority of an 
ALSID can still be used to contribute to vehicle stability, even if it is operating alongside the 
vehicle's brake based stability control system. The additional stability provided by the 
ALSID can also have the impact of significantly reducing the brake interventions required 
from ESP and therefore reduces the intrusiveness of the system. It has also been 
demonstrated that, with a simple synchronisation strategy, the two systems can coexist 
without conflict. 
it is important to note that these benefits are obtained despite the fact that the two systems 
are operating with separate control algorithms that do not share a common reference 
model and also despite the fact that no retuning of either algorithm was carried out. Of 
course, it is possible that even greater benefits may be gleaned from a more integrated 
solution but these results show that worthwhile benefits can be obtained simply through co- 
existence. 
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Damping Ratio Scaling 0.7 0.65 
Pure Time Delay 0.03 0.06 s 
High Road Friction Coefficient 1.1 09 
Feedback 
Proportional Gain (Kp) 10000 10000 Nm. s/rad 
Control 
Integral Gain (KI) 100000 100000 Nm. s7irad 
Yaw Error Thres old 0.02 0.02 rad/s 
Feedforward Smoothing Function Shift (xi. -j. ) O. G9 0.09 rad/s 
Control Smoothing Function Scaling (K,, -F) 20 20 
Table 10.4: Comparison of values chosen for tuneable parameters for the saloon Vehicle and for 
the SUV. Changes highlighted in red. 
10.4.3 Stability Control Performance 
The stability control performance of the ALSID in this application is assessed using the 
same double lane change and double step steer manoeuvres as employed with the saloon 
vehicle. In both manoeuvres the ALSID produced very similar improvements in stability to 
those observed on the saloon. This is illustrated via analysis of the driver steering inputs 
for the double lane change (Figure 10.20) and via the yaw rate tracking in the double step 
steer (Figure 10.21). Equivalent results for the saloon can be found in Figures 10.9 and 
10.11 (Section 10.2). 
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Figure 10.20. - SU V driver workload during aI OOkph double lane change. Results averaged 
across 7 passive and 5 ASLD runs. 
It should be noted that the high centre of gravity of the SUV makes both of these tests 
particularly severe, with outriggers being required to prevent roll over in the passive cases. 
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Evidence of this severity may be found in Figure 10.21 a where it may be seen that in the 
double step steer test, the passive vehicle's yaw rate does not return to zero. 
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Figure 10.2 1: SU V double step steer manoeuvre canled out from a target initial speed of 
IOOkph in a) passive and b) controlled configurations. Results averaged over 4 runs for passive 
and 5 nins for ALSD. 
10.4.4 Interaction with ESP 
Although the ALSID is able to offer similar stability control performance on the SUV to that 
observed on the saloon, it does not have the same impact on ESP interventions when the 
two systems operate simultaneously. Although the two systems do not appear to be in 
conflict, the presence of the ALSID does not cause significant reductions in brake 
intervention. This appears to be due to the presence of a roll over mitigation function in the 
ESP, required on SUVs due to their high centre of gravity. For a given scenario, this 
causes ESP to intervene much earlier than it would in a saloon, so early in fact that it 
actually intervenes before the ALSID, As a result it is ALSD interventions that are reduced 
by ESP rather than the other way around. By contrast, on the saloon, it is always the ALSID 
that intervenes first. However, even if the ALSID is retuned such that it intervenes before 
ESP (at the expense of excessive false intervention) the impact on brake interventions is 
still substantially less than observed on the saloon. Potential solutions to this problem are 
the subject of further work. 
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10.5 Summary 
In this section the ALSID control system has been tuned on a real vehicle and its stability 
control performance has been assessed. This has validated the stability improvements 
predicted in the simulation environment in a variety of scenarios. During the process of this 
validation it has also been confirmed that the controller can be tuned quickly and easily 
using a series of simple tests and that the simulation environment can be used to support 
the tuning process. The value of the simulation environment was shown by the fact that 6 
out of the 10 tuneable parameters could be transferred to the vehicle unchanged. These 
included the controller gains, the parameters that would otherwise be the most complex to 
tune on vehicle. 
The interaction of the ALSID controller with the vehicle's standard brake based stability 
control system (ESP) has also been assessed. This has shown that, with a simple 
synchronisation strategy the two systems can co-exist without conflict and that the ALSID 
can substantially improve overall vehicle stability both in terms of body control and 
intrusiveness (through significant reductions in brake intervention). 
Finally, it has been shown that the ALSD control system can be transferred to a very 
different type of vehicle, an SUV, and can be easily retuned to offer similar stability control 
benefits to those seen on the saloon. However, the additional roll over mitigation 
functionality included in ESP (for SUV applications) prevented the ALSD from offering 
significantly improved body control and reduced intrusiveness whilst ESP is operational. 
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11 Low-ji Performance 
It has previously been shown in the analysis of the ideal controlled differential system that 
low-[L surfaces can adversely impact upon yaw rate controller performance (Section 43). 
This is because the passive vehicle's saturation limit is reduced on low-p, and a reference 
model that is tuned for high-p ran therefore no longer be relied upon to enable effective 
oversteer detection. It was therefore also shown in Section 4.3 that, if the reduced 
saturation limit is accounted for in the reference model, controller performance can be 
greatly improved. As already stated in Section 8, essentially the same approach is used in 
the ALSID controller, except that here the modification to the reference model is considered 
in terms of minimising false intervention as well as improving stability control performance. 
In this case the actual la value is also estimated instead of provided directly. This resulted 
in the appearance of friction estimator block in the final controller structure block diagram of 
Figure 8.22 (Section 8.6). 
This section expands upon this and describes in detail how low-p surfaces influence the 
design and performance of the ALSD controller. It is structured into the five main 
components described below. Note that all of Sections 11.1 - 11.4 are simulation based 
(using the 1 ODOF model), whilst Section 11.5 is vehicle based. 
11.1 The Impact of Surface Friction on Vehicle Dynamics 
o It is clear that V has a direct impact on the vehicle's saturation limit. 
However, in order to understand how the reference model should be 
modified to eliminate false intervention, the effect of surface friction on the 
vehicle's sub limit handling characteristics also needs to be defined. 
11.2 Accounting for p in the Reference Model 
Having understood how p changes the passive vehicle's characteristics, the 
way in which the reference model is modified to account for these changes 
is described. The increase in false intervention and degradation in stability 
control performance that occurs on low-p if these changes are not made is 
also illustrated. 
11.3 V Estimation 
o The design of the p estimator is described. 
11.4 p Estimator Tuning and Performance in the Simulation Environment 
The simulation environment is used to illustrate the tuning process for the 
estimator and assess its performance on various surfaces 
11.5 On Vehicle Validation 
The prototype vehicle is used to validate the simulation results on snow and 
the interaction of the ALSID controller with ESP on low-p is also assessed, 
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11.1 The Impact of Surface Fdction on Vehicle Dynamics 
In order to understand how low-p surfaces may be accounted for in the controller design, it 
is first of all necessary to understand the impact of p on vehicle characteristics and ALSID 
yaw moment authority. Surface friction influences both of these because of the impact it 
has on the behaviour of the tyres. This section therefore discusses this impact and 
assesses the resulting implications for vehicle behaviour and ALSID yaw moment authority. 
11.1.1 Tyre Characteristics andu 
Surface friction influences two key tyre characteristics, cornering stiffness and saturation 
limit. In Section 4.3 low-p surfaces are therefore represented in the simulation environment 
by simply scaling the tyre forces by the value of [L (see Section 4.3.1). As a result, the 
tyres' cornering stiffness, as well as their saturation limit, are scaled by p. Whilst this 
representation was sufficient for analysis of general trends in yaw moment control, recent 
research in this area [Deur, 2005] indicates that it is not necessarily applicable across all 
surfaces. This study shows that whilst the saturation limit can be approximated as being 
scaled linearly by p, the effect on the cornering stiffness is dependent on the type of 
surface. For example, on wet asphalt (p-0.7) the cornering stiffness is unchanged from dry 
asphalt, whilst on snow (p-0.4) the cornering stiffness is around 40% of the high-P value. 
On ice, the effect depends whether the surface is dry or wet. On dry ice the comering 
stiffness remains near to dry asphalt levels whilst on wet ice it is reduced by over 80%. 
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Figure 11.1: Representation of impact of u on lateral tyre characteristics. In both cases 
longitudinal slip is zero and the normal load is 4.3kN. 
Based on these findings, two different tyre models are employed to assess the impact of 
low-p surfaces. A tyre model where the tyre force (and thus both cornering stiffness and 
saturation limit) is scaled linearly with p (as in Section 4.3-1) is used for snow (p-0.4) and 
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wet ice (p-0.1), whilst a tyre model where only the saturation limit is scaled with p is used 
to represent wet asphalt and dry ice (Figure 11.1). Note that whilst this method of 
representing various different surfaces brings the simulation environment closer to reality, 
correlation with the real vehicle will still not be of the quality observed on high-p because 
different specification (winter) tyres are used for all vehicle testing on surfaces such as 
snow and ice. Representative data is not available for these tyres. 
11.1.2 Vehicle Characteristics 
It is clear from the previous section that p reduces the saturation limit of the tyres and 
therefore the maximum lateral acceleration the vehicle can generate. However, the impact 
of p on vehicle characteristics below the limit of adhesion is heavily dependent on whether 
the cornering stiffness of the tyres is reduced. 
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Figure 11.2: 50kph, 301'sinusoidal steer manoeuvre on a), U=0.4 (snow) and b), U=0.7 (wet 
asphalt). 
In the cases where the cornering stiffness is reduced (for example, on snow), the 
understeer gradient of the vehicle is increased (as shown in Section 4.3.1) and its transient 
response will also be changed. By contrast, in cases where only the saturation limit is 
reduced (for example, on wet asphalt), sub-limit vehicle characteristics remain unchanged. 
This has significant implications for how the reference model should be modified to account 
for p. With reduced tyre cornering stiffness for the vehicle, the reference model will over- 
estimate steady state yaw rate and, more significantly from the perspective of false 
intervention, a large phase lag will exist between the reference and actual yaw rates. This 
is illustrated in Figure 11.2, where the sinusoidal steer response of the vehicle on snow 
(Figure 11.2a) is compared with that on wet asphalt (Figure 11.2b). 
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11.1.3 ALSD Yaw Authority 
An indication of the impact of p on the yaw moment authority of an ALSD can be gained by 
considering the effect of ýt on the maximum torque that can be transferred before the 
differential locks. Assuming low input torque, the torque transfer required to lock a 
differential is a function of the radius of turn and p. For a given radius of turn (30m), the 
maximum achievable torque transfer for various p levels is shown in Table 11.1. In order to 
give some indication of the increased understeer generated by locking the ALSID, the table 
also shows the change in steering input required to maintain a 30m radius trajectory with 
the differential locked (compared to when the differential is open). 
Surface 
Maximum Torque 
Transfer (Nm) 
Change in steering input required to 
maintain trajectory (%) 
Dry Asphalt (p 1.0) 970 19 
Wet Asphalt (1A 0-7) 845 18 
Snow 0.4) 355 18 
Dry lee (p 0.1) 25 2 
Wet Ice 0.1) 100 18 
Table 11.1: Maximum achievable torque transfer in a 30m radius turn for vahousp levels. 
The table indicates that whilst the yaw moment authority of an ALSID is relatively unaffected 
on wet asphalt, it is reduced significantly on low-p surfaces such as snow and ice. This 
non-linear effect is because of the differing effects of different p levels on comering 
stiffness and also because the effect of locking the ALSID produces the same change in 
longitudinal slip on the inner and outer wheels regardless of the P level; an approximate 2% 
decrease on the outer wheel and 3% increase on the inner wheel. Hence if the cornering 
stiffness of the tyres is unchanged and the tyre is still largely in its linear region, as is the 
case on wet asphalt, there is only a small reduction in torque capacity. However, on dry ice 
the tyre is in the saturation region at 3% slip, resulting in a dramatic reduction in torque 
transfer capacity. For surfaces where the cornering stiffness is also scaled with g, the 
torque transfer capacity is also effectively scaled by p. However, there is no impact on the 
steering input required to maintain a constant trajectory because although the yaw moment 
required to counteract the understeer generated by locking the ALSID reduces with ýt, the 
fact that the cornering stiffnesses are also scaled with p means that the lateral slip angles 
required to produce this required yaw moment remain unchanged (and so the same 
increase in steering input is required). This contrasts with dry ice where the cornering 
stiffness of the tyres is unaffected by p and so as the yaw moment required to counteract 
the impact of locking the ALSD reduces so do the required front slip angles (and hence 
steering input). 
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11.2 Accountinq for Lt in the Reference Model 
The impact of lt is accounted for in the ALSID controller by modifying the reference model in 
response to an estimated p value (as indicated in the overall controller block diagram of 
Figure 8.22). The manner in which the reference model is modified is therefore described 
in this section. Note that, for practical application, this approach obviously relies on an 
effective estimation of p and the way in which this is achieved is described in Section 11.3. 
11.2.1 Design 
As shown in the previous section, the characteristics of the tyres and therefore of the 
vehicle itself are a function of the road surface coefficient of friction, p, Hence a reference 
model that is tuned to match the passive vehicle on high-p will not give close correlation on 
low-p. The most significant change in behaviour on lower p surfaces is that the point at 
which saturation occurs reduces. As described in Section 4.3, if this is not accounted for in 
the reference model, controller performance is significantly degraded. However, as also 
described in Section 4.3 an effective solution to this problem is simply to introduce the 
actual p into the calculation of the limiting lateral acceleration used to saturate the 
reference model yaw rate, 
a,,.,,, = 9.81 ., u,.,, (11.1) 
This method is therefore also applied in the ALSID controller, although in this case, rather 
than using the known p value (impractical in reality) an estimated value is used. 
As described in Section 11.1, in addition to a reduction in the saturation limit, some 
surfaces (for example, snow) can cause a reduction in tyre comering stiffness, hence 
causing an increase in understeer gradient and changing the vehicle's transient response. 
These changes could be accounted for by making the characteristic velocity, natural 
frequency and damping ratio of the reference model a function of p. However given the 
uncertainty in both the effect of p on the tyre's characteristics and in the p value itself, such 
a complex method of modifying the reference model is not necessarily meaningful. As 
discussed in Section 11.1.2, the most significant manifestation of reduced tyre cornering 
stiffness is an increase in phase lag between the reference and actual yaw rates. This 
effect is therefore captured in the ALSD controller by simply increasing the pure time delay 
described in Section 8.2.5 as ýt reduces. This is achieved by tuning the delay appropriately 
on snow (p - 0.4) and then linearly interpolating between the high and low-g delay values 
for intermediate p levels. Note that, in reality, the pure delay is unlikely to be a linear 
function of p (especially given the evidence [Deur, 2005] that comering stiffness does not 
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change on some surfaces). However, the use of anything other than a linear function has 
limited validity due to the uncertainty in the estimated p value, 
11.2.2 Summary of Tuneable Parameters 
Since the reference model's pure time delay is now ýt dependent, it needs to be defined on 
both high and low-p surfaces to allow it to be scheduled in between (as described above). 
Hence, the reference model now has an additional tuneable parameter (Table 11.2). 
Parameter Units 
Low-p Pure Time Delay s 
Table 11.2: Additional reference model tuneable parameters 
11.2.3 Tuning 
The principal purpose of increasing the pure time delay on low-A is to avoid false 
intervention. As in Section 9.1.7, a swept sine manoeuvre is therefore used to tune the 
low-p pure time delay and the results for a test carried out with an amplitude of 900 and a 
speed of 50kph on lt = 0.4 are shown in Figure 11.3. As discussed previously, with the 
reference model p set to 1.1 and the time delay set to 20ms (as tuned in Section 9.1.3) the 
reference and actual yaw rates become significantly out of phase due to the change in tyre 
comering stiffness (Figure 11.3a). This results in a significant amount of false intervention 
(Figure 11.3b). However, if the pure time delay is increased to 120ms, this intervention is 
completely eliminated below 1.25Hz. 
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Figure 11.3: 50kph, 900 0.4 swept sine steer results with different pure delay tunes. 
Input frequency lineany increased from 0 to 3Hz. 
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120ms was found to be an effective setting for the low-p pure time delay across a range of 
speeds and input amplitudes. The pure time delay is therefore linearly interpolated 
between 20ms for p=1.1 and 120ms for 0.4 for the remainder of the simulation 
environment analysis in this section. 
11.2.4 Verffication 
The benefits of accounting for p in the reference model can be illustrated with a stability 
critical manoeuvre on low-p such as the double step steer test described in Section 4.3.3. 
The results for this test, carried out at 65kph on p=0.4, are shown in Figure 11.4. As can 
be observed from the fact both the yaw rate and sideslip angle do not return to zero 
(Figures 11.4a and b), the passive vehicle is unstable in the test. If the controller is 
switched on with the reference model p set to 1.1, the vehicle is stabilised but large sideslip 
angles are still generated (Figure 1 1.4b) and yaw rate tracking is poor (Figure 1 1.4a). 
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Figure 11.4: 65kph, 900 double step steer manoeuvre on p=0.4. 
Vastly improved performance is observed if the reference model is provided with the actual 
p value of 0.4. In this configuration, the peak sideslip angle is reduced by 51% compared 
to the case where the reference model's ýt is set to 1.1 and yaw rate tracking is greatly 
improved. This improvement is due to the fact that, with the reference yaw rate correctly 
saturated, oversteer is detected from the first steering input oust after 1 second), resulting 
............................ 
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in the earlier application of torque transfer (Figure 11.4c). By contrast, in the case where 
the reference model's p is set to 1.1, sustained oversteer is not detected until after the 
steering input finally returns to zero (at 4 seconds) so torque transfer application does not 
begin until a large sideslip angle has already been generated (Figures 11.4b and c). 
The results for the same manoeuvre, carried out at a higher speed on lt = 0.7, are shown in 
Figure 11.5. Again the passive vehicle is unstable in this manoeuvre and the trends 
observed for the active cases on p=0.4 are repeated here. However, in the case of the 
reference model's p being set to 1.1, the performance (relative to passive) of the ALSID is 
improved compared to the same manoeuvre on IA = 0.4. Hence less of a relative 
improvement is observed when the reference model's p is set to the actual value. 
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Figure 11.5: 80kph, 90* double step steer manoeuvre on u=0.7. 
These results have therefore shown that knowledge of the surface ýi can greatly improve 
the performance of the controller when p is less than unity. It has also been illustrated that 
accurate p estimation becomes more critical to stability control performance as g reduces. 
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11.3 " Estimation 
The benefits of surface fdction estimation were clearly demonstrated in the previous section 
where it was shown that significant performance improvements are obtained if the 
reference model is provided with the actual g value. This section therefore describes the 
development of a surface friction estimation function that uses widely available vehicle 
signals. 
11.3.1 Concept 
Numerous approaches to p estimation were considered [Arndt, 20051. Many published 
approaches use tyre longitudinal slip as the key measured variable on which the estimate is 
based. However, in this case the estimate is used for the application of handling control in 
scenarios where the tyres are likely to be free rolling or at low (longitudinal) slip. Therefore, 
only those approaches which use the vehicle's lateral dynamics are applicable here. 
The approach developed here uses the concept employed by Van Zanten (2000) where the 
normalised lateral acceleration (a,, Ig) is used to give an indication of the value of p. 
However, unlike in Van Zanten (2000), a.,, Ig is only used to give an indication of the value 
of p when the tyres are saturated laterally, since, if this is the case it can be assumed that 
the vehicle has reached the limit of adhesion and therefore that alg is a good estimate of 
the value of p. If the tyres are not saturated then p is assumed to be high (1.1, for 
example). The task of the p estimator can therefore be broken down into two main 
components (Figure 11.6). First, it is necessary to determine if lateral saturation has 
occurred and then, based on the result of this check, the p estimate is calculated. These 
two operations are described in detail in the following sections. 
Rate 
Yaw Rate 
1111to Saturation flag ý-*Sstmrwtlon Flaq 
EstkMed Frklion CodIkAeM 
Accobwation 
Road Ff Iction Calculation 
Figure 11-6: Main components of friction estimator 
11.3.2 Saturation Check 
The saturation check component uses two criteria to determine whether or not lateral tyre 
saturation has occurred: 
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" Deviation from a linear reference yaw rate 
" Rate of change of lateral acceleration 
The linear reference yaw rate used for the first criteria here is obtained from the reference 
model (Section 8.2). It is in fact the same as the reference yaw rate used for the handling 
controller but with one key difference, saturation is not applied. This then allows the error 
between the linear reference and actual yaw rates, 
r. = abs(r,,,, - r) (11.2) 
to be used to infer if saturation has occurred. This error is compared to a threshold value 
and if the error is above the threshold, the first criteria for determining that saturation has 
occurred has been fulfilled. Note that the absolute value of the error is used here, as, from 
the point of view of determining saturation, it is not significant if the error is indicating 
understeer or oversteer, in either case saturation has occurred. It should be noted however 
that, due to the speed of response of the actuator, the controller relies heavily on 
understeer being detected prior to oversteer so that there is sufficient time for the 
estimate and reference yaw rate to be adjusted. 
it was found during initial testing on low-p that simply checking the deviation from an 
unsaturated reference yaw rate is not a completely robust way of determining if saturation 
has occurred. A second criterion is therefore required. The main issue with the yaw rate 
error criteria is that it can result in premature saturation detection due to possible phase lag 
between the actual and reference yaw rates. This can be avoided by also checking the 
rate of change of lateral acceleration. If the lateral acceleration is still increasing then, 
clearly, saturation has not occurred. This check is performed by comparing the 
differentiated lateral acceleration to a threshold value. Note that, for application on vehicle, 
a 2Hz low pass filter is included in the differentiator to remove noise. 
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Figure 11.7: Saturation check. 
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The operation of the saturation check component is shown in block diagram form in Figure 
11.7. As can be observed, if both the yaw rate error and lateral acceleration rate criteria 
are fulfilled, then saturation is determined to have occurred and this information is passed 
to the road friction calculation component in the form of a flag (where 1= saturated, 0= not 
saturated). 
11.3.3 Road Ftiction Calculation 
Based on the output of the saturation check described above, two strategies are employed 
for the estimation of p, If saturation has not occurred then p is assumed to be the high road 
friction coefficient CUM) described in Section 8.2.6. If saturation has occurred, then p is 
based on the measured lateral acceleration (p = a, lg). However, once saturation is 
detected, only increases in lateral acceleration are allowed to influence the p value. If the 
lateral acceleration begins to fall, the previous value is held. This prevents a fall in lateral 
acceleration as a result of a change in trajectory from artificially reducing the P value. The 
assumption is therefore being made here that, once saturation occurs, the surface P does 
not change. This can be justified on the grounds that a sudden change in p would cause a 
sudden change in lateral acceleration, which would result in the vehicle briefly going out of 
saturation (as a result of the lateral acceleration rate criteria described in Section 11.3.2) 
before saturation is detected once again. 
A filter is also applied to smooth the transition from the previous P value to the new P1 value. 
This is especially important when the initial switch is made from the high-p value to the 'p = 
aylg' value or vice versa. A first order lag is used for this purpose with different 'rising' 
and 'falling'time constants. Different time constants are required for each case because, in 
terms of stability control, detecting a reduction in p is much more critical than detecting an 
increase in p. The falling time constant is therefore generally set to be significantly faster 
than the rising time constant. 
The operation of the road friction calculation component is shown in block diagram form in 
Figure 11.8. Note that an offset is added to the initial p estimate and an upper saturation 
limit applied. The offset value is chosen to avoid false controller intervention due to the 
estimate generally being too low. 
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Figure 11-8: Road fnction calculation. 
11.3.4 Summary of Tuneable Parameters 
The fdction estimation function hitherto described has a total of five tuneable parameters, 
listed in Table 11.3. 
Component Parameter Units 
Saturation Yaw Error Threshold rad/S 
Check Lateral Acceleration Rate Threshold 
Road Friction 
Falling Time Constant s 
Calculation 
Rising Time Constant s 
p Offset 
Table 11.3: u-estimator Tuneable Parameters 
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11.4 ýt Estimator Tuninq & Performance - Simulation Environment 
This section describes the tuning of the p estimator introduced in Section 11.3 and 
analyses its performance in the simulation environment. It should be noted that, given the 
lack of validated tyre data on low-p (see Section 11.1.1) the purpose of this section is not to 
obtain an exact tune for the p-estimator that can be transferred to the vehicle. The 
objective is simply to justify some of the design features in the ýi estimator and highlight 
general trends in the tuning process. 
11.4.1 Basic Parametetisation 
Starting values for four of the tuneable parameters in the p estimator need to be set before 
the tuning process can begin, These parameters and their values are shown in Table 11A. 
The values shown were obtained from initial testing, the sensitivity of the controllers 
performance to each of them is discussed in Sections 11.4.3 and 11.4.4. 
Parameter Value 
Lateral Acceleration Rate Threshold 0.35m/s3 
Failing Time Constant 0.05S 
Rising Time Constant Ils 
ýi Offset 0.1 
Table 11.4: Initial settings forp-estimator 
11.4.2 Yaw Error Threshold Tuning 
The yaw error threshold in the p estimator should be set to be as small as possible without 
causing false saturation detection on high-p. It is therefore tuned on p=1 using a swept 
sine test to assess performance across the frequency range (as described in Section 
9.1.7). 
As an example, the results for a 50kph swept sine test carTied out with an amplitude of 900 
and with a yaw error threshold of 0.04rad/s are shown in Figure 11.9. As can be observed 
from Figure 11.9b, with this threshold saturation is not detected (the P estimate does not 
drop below 1.1) whilst the frequency of the steering input is below 1.25Hz (from 0-5 
seconds, Figure 11.9a). Hence, false intervention from the controller will not be increased 
below 1.25Hz and so this threshold setting is acceptable. Indeed, across a range of 
speeds and input amplitudes, this threshold was found to be the smallest value that could 
be used without increasing false intervention. It is therefore carried forward for the 
remainder of the analysis in this section. 
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Figure 11.9: 50kph, 90*, u=I swept sine steer results with u estimator yaw error threshold of 
0.04rad1s. Input frequency linearly increased from 0 to 3Hz at 12 seconds. 
Note that it is necessary to use a larger threshold here (0.04rad/s) to avoid false saturation 
detection than it is to avoid false oversteer detection in the yaw rate controller (0.01rad/s, 
see Section 9.1.7). This is because, in this case, detection of understeer as well as 
oversteer needs to be avoided and also because brief deviations above or below the 
threshold have more impact due to the fact that the g estimator initially responds 
sigrifficantly faster than the yaw rate controller. 
11.4.3 Avoiding False Intervention on Low-, u 
As verified in Section 11.2.3, false intervention can be avoided by increasing the pure time 
delay in the reference model to account for the reduction in cornering stiffness on low-p- 
The proposed solution is therefore to schedule the time delay on P from 20ms at P=1.1 to 
120ms at jt = 0.4. Clearly the effectiveness of this solution then depends on an accurate P 
estimate being obtained. The results with the p estimator operational in the same 50kph, 
900 swept swine test on = 0.4 are therefore shown in Figure 11.10. As can be observed 
from Figure 11.1 Oa, the p estimate does (correctly) reduce to 0.4 at low and high input 
frequencies but does increase above this value at moderate input frequencies (0.5 -1 Hz). 
However, whilst the false intervention is therefore greater than when the pure time delay is 
increased to 120MS manually, it is still substantially less than when the pure time delay is at 
the high-p value of 20ms. 
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Figure If. 10: 50kph, 900, u=0.4 swept sine steer results with different pure delay tunes and 
withp estimator on and off. Input frequency linearly increased from 0 to 1.5Hz at 6 seconds. 
This test can also be used to illustrate the impact on the p estimator of the lateral 
acceleration rate threshold and p offset tuneable parameters defined in Section 11.4.1. As 
can be observed in Figure 11.11, if the lateral acceleration rate threshold is set to infinity 
(so that effectively only the yaw rate error criteria is used to detect saturation) and the ýt 
offset is reduced to zero, the p estimate is much too low throughout the test (Figure 
11.11 a), resulting in a vast amount of false intervention (Figure 11.11 b). The primary 
cause for the p estimate being so low in this case is premature saturation detection. This 
occurs due to the large phase lag that initially exists between the reference and actual yaw 
rates. With the yaw rate error criteria only, saturation is therefore detected well before the 
lateral acceleration has reached its peak value (and therefore before it can be used as a 
meaningful indication of p). This illustrates the need for lateral acceleration rate criteria, 
which can prevent detection of saturation until the lateral acceleration is close to its peak or 
steady state value. As ran be observed from Figure 11.11, if the threshold for this criteria 
is set to 0.35M/S3, false intervention is eliminated across the majority of the frequency 
range. Note that since delaying saturation detection generally degrades stability control 
performance, the largest threshold that still eliminates false intervention is chosen. 
However, even with the lateral acceleration rate criteria operational, significant false 
intervention is still observed at low input frequencies (between 1 and 2 seconds) because 
the p estimate drops too low. This problem could be eliminated by reducing the lateral 
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acceleration rate threshold further but this would cause an increase in false intervention at 
higher input frequencies because the p estimate would be too high. However adding a 
constant offset of 0.1 (Figure 11.11), largely eliminates the low (input) frequency false 
intervention without impacting greatly upon intervention at higher frequencies. 
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Figure 11.11: 50kph, 90*, u=0.4 swept sine steer results with diffigrentp estimator tunes. Input 
frequency lineady increased from 0 to 1.5Hz at 6 seconds. 
Values of 0.35M/S3 for the lateral acceleration rate threshold and 0.1 for the p offset were 
found to give acceptable results at various speeds, input amplitudes and jA levels. They are 
therefore carried forward for the remainder of the simulation environment analysis in this 
section. 
11.4.4 Stability Control Perforn7ance 
In Section 11.2.4, the benefit of knowledge of to stability control performance was 
illustrated with double step steer manoeuvres on 0.4 and p=0.7. The contribution of 
the proposed p estimator to stability control perfon-nance is therefore verified here using the 
same manoeuvres to analyse the extent to which the 'ideal' performance shown in Section 
11.2.4 can be reproduced. The results for the p=0.4 test are shown in Figure 11.12. As 
can be observed from Figure 11.12c, the p estimator detects low-p conditions within 0.5 
seconds of the first step inputs (at I second). As a result the reference yaw rate is reduced 
to the saturated value corresponding to the estimated ýt value (Figure 11.12b) and 
oversteer detection is improved sufficiently for the peak sideslip angle to be reduced by 
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34% from the case where the reference model p is set to 1.1 (Figure 11.12a). This 
compares to the 51 % reduction obtained when the reference model's p is set directly to 0.4. 
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Figure 11.12: 65kph, 900 double step steer manoeuvre onU = 0.4. Comparison ofU estimator 
performance with direct input of actual and high-, u values to the reference model. 
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This test can also be used to illustrate the impact of the tuning of the falling and rising time 
constants that determine the rate at which transitions to and from the saturated p value 
occur (see Section 11.3.3). The assertion that performance will improve as the falling time 
constant reduces is confirmed in Figure 11.13, where it may be observed that the sideslip 
angle time history moves closer to that recorded for the case where the reference model ýt 
is set directly to 0.4 as the time constant is reduced. However, it may also be seen that the 
time constant simply needs to be set to be less than O. 1s since, below this value, the 
performance is relatively insensitive to the value chosen. A similar analysis of the impact of 
the rising time constant confirms that as this becomes larger performance moves closer to 
that obtained by setting the reference model's p to 0.4 directly. However, time constants 
greater than the originally specified value of 1 second do not yield significant further 
improvements. 
Finally, the p estimatoes performance on an 'intermediate' surface is verified with the same 
double step steer manoeuvre on p=0.7 (Figure 11.14). As discussed in Section 11.2.4, 
accurate p estimation is less critical to stability control performance here as, even with the 
reference model p set to 1.1, relatively good yaw rate tracking and sideslip angle mitigation 
are obtained (see Figure 11.5, Section 11,2.4). Hence although the estimator detects a 
relatively accurate p of 0.75 for much of the manoeuvre (Figure 11.14b), the dramatic 
reductions in sideslip angle seen on p=0.4 are not evident here (Figure 11.14a). 
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11.5 On Vehicle Validation 
Having verified the performance of the ALSID controller on low-p surfaces in the simulation 
environment, this section focuses on the validation of the system on a real vehicle, Test 
results from the prototype vehicle on a snow covered ice lake 0.4) are used for this 
task. As on high-p, the validation takes place in two stages: 
1) Controller Tuning 
o The tuning process carried out in the simulation environment for the 
reference model and p estimator is repeated on vehicle. However, this 
section simply focuses on areas where it is necessary to make changes to 
the tune obtained in the simulation environment. 
2) Stability Control Performance 
The manoeuvres employed to assess stability control performance in the 
simulation environment are repeated on vehicle and the performance 
compared. 
it should be noted that for all testing on low-p the vehicle is fitted with different specification 
(winter) tyres to those used on high-p. 
Finally, it has already been shown (Section 10.3) that on high-p, the ALSID can improve 
stability control performance and reduce brake interventions when operating alongside the 
vehicle's standard brake based stability control system (ESP). Having obtained and 
validated a controller tune for the vehicle on low-p, this is then used to assess if similar 
trends are observed here. 
11.1 Tuning 
As previously discussed, due to the lack of validated tyre data on low-p correlation between 
the real vehicle and I ODOF model is not as strong on low-p as it is on high-ýt. Despite this, 
out of the six additional tuneable parameters required to account for low-ýL surfaces, only 
two, the low-p pure time delay and p estimator yaw error threshold require retuning for on 
vehicle application as shown in Table 11 . 5. Note that all parameters tuned on 
high-p 
(Section 10.1) remain unchanged. 
Parameter 
value Units 
Simulation Vehicle 
Reference 
Model 
Low-p Pure Time Delay 120 60 S 
Estimator Yaw Error Threshold 0.04 0.08 
- - 
rad/s 
I 
Lateral Acceleration Rate 
1 
0.35 5 
1 -0.3 m/s, 
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Falling Time Constant 0.05 
Rising Time Constant 1 
Offset 0.1 
0.05 
0.1 
Table 11.5: Comparison of values chosen thr low-, " tuneable parameters in the simulation 
environment and on vehicle. Changes highlighted in red. 
As in the simulation environment, the phase lag between the reference and actual yaw 
rates increases on snow during a swept sine manoeuvre. This indicates that, as suggested 
in [Deur, 20051, the cornering stiffness of the tyres does decrease on snow. However, on 
vehicle, it is only necessary to increase the pure time delay from 30ms on high-p to 60ms 
on snow (compared to 20ms to 120ms in the simulation environment). The reason for this 
difference is likely to be largely because, for low-p tests, the real vehicle is fitted with 
different specification tyres. 
The ý, estimator yaw error threshold is also retuned for on vehicle application. As described 
in Section 11.4.2, this parameter is tuned on high-p and so, the retune is not related to the 
fitment of winter tyres. The increase in threshold required here is to be anticipated given 
that the yaw error threshold in the yaw rate controller also had to be retuned to a higher 
value for on vehicle application (Section 10.1.2). In that case retuning was necessary due 
to a combination of sensor noise, sampling and the fact that the reference model does not 
match the real vehicle on high-p quite as closely as it does in the simulation environment, 
particularly in the non-linear region. The same reasons apply in this case, particularly the 
mismatch in the non-linear region, since the yaw error threshold for the A estimator needs 
to be tuned to avoid false understeer as well as oversteer detection (see Section 11.4.2). 
11.5.2 Stability Control Performance 
As in the simulation environment, stability control performance is initially assessed using a 
double step steer manoeuvre. Due to the test being carried out in relatively deep snow a 
larger steering input amplitude of 1800 was required to destabilise the vehicle in this case 
and the results from a 55kph test are shown in Figure 11.15. Two cases are compared 
here, one where the reference model p is set to 1.1 and one where the P estimate is 
employed, In both cases the ALSID is active and the results are averaged across 3 runs 
(the results are highly repeatable). 
it may be seen from Figure 11.15 that the trends observed in the simulation environment 
are repeated on the vehicle. With the reference model p set to a constant 1.1, the ALSID is 
unable to stabilise the vehicle, as indicated by the large yaw rate error after the steering 
input returns to zero (Figure 11.1 5a). With the g estimator operational, yaw rate tracking is 
vastly improved and the vehicAe is stabilised. This improvement results from the detection 
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of a relatively accurate p level of 0.4 - 0.5 within 0.3 seconds of the first steering input. As 
a result, oversteer is detected significantly faster in this case and the application of torque 
transfer therefore begins around 1 second earlier than in the case where the reference p is 
set to 1.1. 
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Figure 11.15: 55kph, 1801) double step steer manoeuvre, on packed snow with ALSD 
operational. Comparison of performance with and without the u estimator. 
Further evidence of the ALSD's capacity to offer improved stability on this surface is given 
in a double lane change. In this case the ISO 3888-1 course is used and the driver controls 
the throttle to maintain a constant speed. Results comparing passive and active vehicles at 
75kph are shown in Figure 11.16. In each case the results are averaged across 7 runs. 
Repeatability in this case is much lower than in the double step steer as the manoeuvre 
takes place on the same area of snow each time. With each run the snow is therefore worn 
down to the ice beneath. To mitigate against this, passive and active runs are alternated. 
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The ISO lane change requires four relatively distinct steering inputs to be applied. Hence 
the substantial fifth and sixth steering inputs required in the passive case (Figure 11.16a) 
provide an indication of the acute oversteer generated in the passive vehicle on the exit of 
the lane change. However, this oversteer is substantially reduced with the ALSID active 
and as a result driver workload is dramatically reduced on the exit of the manoeuvre 
(Figure 11.16a). Torque sensors were fitted to the vehicle's driveshafts for this test and it 
may be seen from Figure 11.16c that this improvement in stability is achieved despite the 
fact that the ALSID is able to transfer no more than 150Nm of torque before the differential 
locks (around 75% less than on high-p). As in the double step steer, the p estimator works 
effectively in this test, detecting a relatively accurate p of around 0.4 once the vehicle 
begins to saturate (from around 3 seconds into the manoeuvre). 
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Finally, the system is tested in a single step steer manoeuvre. Here, a 9011 step steer 
manoeuvre carried out at 55kph is sufficient to cause instability in the passive vehicle. This 
test represents a significant challenge to the p estimator as, with only a single steering 
input, the time it takes to detect the correct p level is even more critical to stability control 
performance. It is therefore in this type of scenario where the addition of the lateral 
acceleration rate criteria into the saturation check component of the p estimator (Section 
11.3.2) can adversely affect performance. This is illustrated in Figure 11.17 where the 
performance of the system with and without the lateral acceleration rate criteria is 
compared (results averaged across 4 runs). 
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Figure If. 17: 55kph, 900 single step steer manoeuvre on packed snow with and without the 
lateral acceleration rate criteria in the p estimator operational. 
Here it may be seen that with the rate criteria on, although the yaw rate is better controlled 
than in the passive case, the ALSID is unable to force the yaw rate to track the reference 
(Figure 11.17a). By contrast, with the rate criteria off, good yaw rate tracking is observed. 
The rate criteria degrades performance here because it delays detection of the correct l, L by 
almost 0.5 seconds (Figure 11.17b). To compound the issue, the p estimator switches 
back to its high-ýt setting because the resulting oversteer causes the actual yaw rate to 
cross the (unsaturated) reference yaw rate used by the p estimator. The net result is that 
much less torque transfer is applied early in the manoeuvre (Figure 11.17c) and so the 
vehicle is less stable. Since the lateral acceleration rate criteria is required to eliminate 
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false intervention (see Section 11.4.3), this final result therefore illustrates that there is a 
compromise to be had between false intervention and stability control performance. 
11.5.3 Interaction with ESP 
In Section 10.3, the interaction of the ALSID controller with the vehicle's standard brake 
based stability control system (ESP) was assessed. It was shown that, with a simple 
synchronisation strategy, the two systems can co-exist without conflict on high-P and that 
the ALSID can substantially improve overall vehicle stability both in terms of body control 
and intrusiveness (through significant reductions in brake intervention). Identical trends are 
also obtained on low-p, although the impact of the ALSID on peak brake pressures is less 
dramatic here. 
As an example, metdcs from an ISO double lane change (carried out as described in the 
previous section) are shown in Table 11.6. As can be observed, with ESP and ALSID 
operating simultaneously, peak sideslip angle is reduced by around 20% from the ESP only 
case, a comparable magnitude to that observed on high-p. By contrast peak brake 
pressure is only reduced by 13%, significantly less than the magnitude of reduction 
observed on high-p. However, the ALSD still has a significant impact on the duration of the 
brake interventions, which are reduced by 43% from the ESP only case. 
Peak Sideslip Peak Brake ae 
Configuration 
Angle (deg) Pressure (bar) 
Intervention 
Duration (s) 
ESP Only 4.97 34.1 2.19 
ESP & ALSD 4.00 29.4 
- 
1 1.25 
Table 11.6: Performance metncs for a 75kph ISO double lane change. Metrics for each 
configuration are averaged across 8 runs. 
vsýý 
2-INP PhD Thesis 228 
JAGUAR -- 
Vehicle Handling Control using Active Differentials 
m t, ()qghb. ofx)ugh Univer, %ity 
11.6 Summa 
This section has covered the impact of low-p surfaces on vehicle dynamics, controller 
design and stability control performance. In terms of the effect on vehicle dynamics, it has 
been shown that, in addition to changing the vehicle's saturation limit, P can also impact 
upon the vehicle's steady state and transient behaviour sub limit. This is because, on 
some surfaces both the saturation limit of the tyres and their cornering stiffness can be 
reduced. If these effects are not accounted for in the ALSID controller, degraded stability 
control performance and excessive false intervention can result. 
In order to combat this, the reference model is modified so that it gives improved correlation 
with the passive vehicle when p is reduced below unity. This is achieved by making two of 
the reference model parameters a function of p, the saturation limit and the pure time delay. 
Scheduling the saturation limit on p greatly improves actual oversteer detection and 
therefore improves stability control performance. However, this does not reduce the false 
intervention caused by poor correlation with the transient response of the vehicle and 
therefore false oversteer detection. The ideal solution here would be to schedule the 
reference model's characteristic velocity, natural frequency and damping ratio on IA. 
However due to the uncertainty surrounding the exact impact of P on the tyres and 
therefore on these parameters, this was not considered meaningful. Instead, the impact of 
p on sub-limit transient response is accounted for by simply making the pure delay in the 
reference model a linear function of It, resulting in an additional tuneable parameter (the 
low-p pure time delay). Whilst this approach still does not give exact correlation with the 
vehicle's response, it is sufficient to significantly reduce false oversteer detection and 
therefore false intervention on low-p surfaces. It should be noted also that using a linear 
function to schedule the delay ignores the findings of Deur (2005), where the cornering 
stiffness is shown to be unchanged on some low-p surfaces such as wet asphalt. Some 
false intervention on these surfaces may occur as a result but the use of anything other 
than a linear function has limited validity due to the uncertainty in the estimated P value 
itself . 
Obviously, scheduling reference model parameters on p means that ap estimation function 
is required, This is based around the concept of using the measured lateral acceleration to 
give an indication of the value of p when the vehicle is at or close to saturation. It uses two 
variables to detect saturation, the error between the actual yaw rate and an unsaturated 
reference and analysis of the rate of change of lateral acceleration. If both of these 
variables are outside defined thresholds, saturation is assumed to have occurred and p is 
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assumed to be the normalised measured lateral acceleration (with an offset added). If they 
are not, p is assumed to be the high value tuned on dry asphalt, 
This method of scheduling reference model parameters based on ap estimate has been 
shown to be effective in the simulation environment, both in terms of reducing false 
intervention and improving stability control performance. In the process of demonstrating 
this effectiveness, the tuning process for the p estimator has also been illustrated. 
Although, the p estimator introduces five additional tuneable parameters, its performance 
has been shown to be relatively insensitive to two of these (the rising and failing time 
constants). Hence, it is likely that only three would require retuning from one vehicle 
application to another. 
The simulation results have also been validated with the prototype vehicle on snow. Some 
retuning of the low-p pure time delay and p estimator yaw error threshold was necessary 
for this purpose. Comparable performance improvements were observed on the real 
vehicle, although it was also shown that the introduction of the lateral acceleration rate 
criteria can degrade stability control performance in some circumstances. However, this 
compromise has to be made because without the rate criteria, false intervention would be 
excessive. Finally, the on vehicle results also showed that, when operating alongside ESP, 
the ALSID control system can co-exist without conflict on low-p and also produces improved 
stability control and reduced intrusiveness (as observed on high-p). 
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12 Summary and Discussion 
This thesis has provided an extensive analysis of the potential use of rear axle active 
differentials for yaw moment control in road vehicles. This section discusses the overall 
findings with a focus on three main areas, which link back to the original objectives of 
Section 1.1.1 as indicated: 
" Control algorithm development (Objectives 1,4 and 5) 
" Active differential capability in yaw moment control (Objectives 1,2 and 5) 
" Comparison with brake based yaw moment control (Objectives 3 and 5) 
Areas for future research are also considered at the end of the section. 
12.1 Control Alqorithm Development 
The thesis considered control algorithm development for both an ideal active differential 
that allows unrestricted control over direction and magnitude of torque transfer and real 
active differentials, where the torque transfer is limited according to wheel speed difference, 
clutch capacity and actuator dynamics. In the ideal case the main purpose of the controller 
was to illustrate the manner in which an active differential could modify vehicle behaviour. 
A formal methodology was therefore used to design a controller that would allow a 
meaningful comparison of active differential performance with different target vehicle 
behaviours. To this end a reference model based controller was designed with a primary 
and secondary feedback. The primary feedback was used to control the reference model 
such that it represented target vehicle behaviour, whilst the secondary feedback was used 
to minimise the error between the reference model and the actual vehicle. For the primary 
feedback design LQR was used with two contrasting cost functions, a sideslip acceleration 
cost that purely minimised sideslip acceleration and a neutral steer cost that minimised the 
error between the actual yaw rate and the neutral steer yaw rate. Similady, the secondary 
feedback was designed with two cost functions that minimised sideslip velocity error and 
yaw rate error. 
The application of this linear controller to a non-linear vehicle with an ideal active 
differential generally proved to be successful. The primary feedback was shown to be 
highly effective in forcing the reference model to conform to the desired behaviour defined 
by either the sideslip acceleration or neutral steer costs. Applying the primary feedback 
torque transfer (in isolation) to the vehicle itself also resulted in generally excellent 
reference model tracking in the linear region. Any divergence that did begin to occur in the 
non-linear region was compensated for effectively by the secondary feedback (providing 
the tyres were not in saturation). 
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However, the controller did have weaknesses. Whilst it was effective at minimising either 
cost function individually, combined cost performance was relatively poor. This was shown 
to be due to the actuators inability to decouple sideslip and yaw motion, which led to the 
adoption of yaw rate only control in both the primary and secondary feedbacks. Controller 
performance was also found to degrade at the limits of adhesion. This was corrected 
through the introduction of saturation into the reference model, based on the surface p. In 
this area it was shown that retaining some weighting on the sideslip velocity cost in the 
secondary feedback did improve performance should the surface p estimate prove to be 
inaccurate. However, since in reality the sideslip velocity itself would need to be estimated, 
retaining control of it in the secondary feedback was not considered worthwhile. 
Control algorithm development for a real active differential was also considered in the 
thesis for the application of an ALSID in a real vehicle. Whilst the idealised controller could 
be used as a basis for this, it required significant modification for this application, principally 
because of a difference in functional requirements. The idealised controller was designed 
with the objective of illustrating what an ideal active differential could achieve and also 
under the assumption that continuous yaw moment control would be applied both at and 
below the limits of adhesion. However due to the limited yaw moment authority of an 
ALSID, only stability control functionality was required for the on vehicle application. The 
desired vehicle behaviour to be represented by the reference model was therefore a stable 
passive vehicle. If the passive vehicle is not represented accurately in the reference 
model, large controller thresholds are required to avoid false oversteer detection and 
therefore false intervention from the ALSID. It was found that a pure bicycle model was 
unable to achieve this accurate representation because it tends to over estimate damping 
ratio and also does not contain the pure time delay that is present in the real vehicle. This 
necessitated moving to a transfer function based reference model which easily allowed a 
non-physical representation of the vehicle to be employed by allowing direct manipulation 
of the damping ratio and the addition of a pure time delay. The transfer function based 
model also had the advantage of being easier to tune than the physical bicycle model. 
In addition to changes to the reference model it was also necessary to modify the primary 
and secondary feedback in the idealised controller. Since the reference model now 
represented the passive vehicle, the primary feedback was no longer required, whilst the 
secondary feedback required modification to account for the impact of actuator dynamics. 
The fact that the ALSD is a relatively slow actuator forced a dramatic reduction in controller 
bandwidth, which, with a proportional controller, resulted in unacceptable steady state 
error. An integral term was therefore added to the controller which in turn necessitated 
changes in the manner in which the yaw rate error was calculated. To compensate for this 
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loss in feedback controller bandwidth, a feedforward controller, based on a plant inversion, 
was also added. 
Finally, for practical application on the vehicle, it was necessary to develop ap estimation 
strategy. As had already been indicated with the idealised stability controller, performance 
suffered without relatively accurate knowledge of surface p. A strategy was therefore 
developed that uses the vehicle's lateral acceleration to find the value of P when the tyres 
are saturated. 
The simulation environment was used to show that the developments to the ALSID 
controller described above were both necessary and effective. For example, with the 
revised reference model an eight fold reduction in the controller threshold that would have 
been required with a pure bicycle model was possible, resulting in significantly improved 
stability control performance (that generally matched that achieved with the perfect ALSID). 
The ýt estimator also allowed good stability control performance to be maintained on low-p 
surfaces, illustrating that yaw rate control can be an effective feedback vadable for stability 
control on high and low-p surfaces. 
The design of the ALSID controller resulted in 10 tuneable parameters. All of these can be 
tuned using clearly defined tests which can be carried out in the simulation environment 
prior to on-vehicle tuning. It was found that, in this case, only four of the parameters 
needed to be retuned when transferring from the model to the vehicle. The A estimator 
adds an additional six parameters, which were also tuned in the simulation environment 
prior to on-vehicle testing, with further modification was required to just two of them. 
12.2-- Active Differential Capabilfty in Yaw Moment Control 
The development of the yaw moment controllers described previously allowed the 
demonstration of what it is possible to achieve with an ideal active differential. The ideal 
yaw moment controller was successfully used to show that an active differential is a highly 
effective actuator for minimising either the sideslip acceleration cost or the neutral steer 
cost. it is therefore clearly capable of modifying both transient and steady state vehicle 
behaviour in both the linear and non-linear regions. The differential was particularly 
effective at minimising the neutral steer cost (throughout the vehicle's operating range), 
suggesting that for a given vehicle, a controlled differential could be used to create a 
desired handling balance, regardless of weight distribution and suspension settings. It was 
also shown (through the neutral steer cost) that an active differential can be used to 
significantly extend both the linear region and the ultimate limit of the vehicle. A slight 
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reduction in effectiveness is observed however when attempting to minimise the sideslip 
acceleration cost. This is because the authority of the differential is limited by the 
longitudinal force capacity of the tyres and the inside rear wheel has significantly less 
capacity than the outside wheel when cornering at high lateral accelerations. The 
differential therefore does not have the same capacity to create an understeering yaw 
moment as it does to create an oversteering yaw moment. Should it be desirable to use 
the differential to modify the vehicle's handling balance it would thus be advantageous if the 
uncontrolled vehicle were biased towards understeer. However, despite any limitations in 
the ideal active differential's ability to generate understeer, it was still shown to be highly 
effective at maintaining stability in extreme manoeuvres. 
Whilst the ideal differential could effectively minimise both cost functions individually, it 
proved to be relatively poor when attempting to minimise both simultaneously. This was 
shown to be due to its inability to decouple sideslip and yaw motion. Overall, it was also 
shown to be better suited to controlling yaw rather than sideslip motion since it has direct 
control over yaw moment rather than lateral forces. These points were illustrated when the 
ideal differential was compared with RWS. Here it was shown that RWS alone also could 
not decouple sideslip and yaw motion. However, if the two actuators were combined then 
decoupling was possible, Indeed, RWS and active differential appeared to complement 
each other well since RWS was shown to be better suited to sideslip control (because it 
allows direct control over lateral forces). Whilst RWS was also shown to be effective at 
controlling yaw motion control, in doing so it was shown to have a much greater impact on 
sideslip motion than the active differential. These two actuators would therefore make 
good candidates for integration, although further exploration in this area was considered to 
be beyond the scope of the thesis. 
Two types of active differential, the active limited slip differential and the torque vectoring 
differential, were modelled in order to assess the capacity of current technology to emulate 
the performance of the ideal differential discussed above. The TVID was shown to have the 
potential to be highly effective at applying the torque transfer demanded by the yaw 
moment controller. This is because it is capable of transferring torque to both the faster 
and slower wheels and can therefore induce both understeering and oversteering 
moments. It was shown that, theoretically, the TVID has the ability to give identical 
performance to its ideal counterpart. In practice, the extent to which this is possible is 
governed by their AWSID. However, it was illustrated that in order to achieve similar yaw 
moment authority to an ideal differential, the required AWSD would not be impractical. 
Indeed, the fact that the torque transfer capacity of a TVID is ultimately limited by its AWSID 
was actually found to give it an advantage over the ideal differential because it makes it 
more robust to tyre saturation. 
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With an ALSID, torque can only be transferred to the slower wheel and this means that they 
can only generate understeer off throttle and are therefore only suitable for stability control 
rather than continuous yaw rate control. Even their understeer generation capacity is 
limited when compared to an ideal differential because the torque transfer they can 
generate saturates once the differential becomes locked. However, despite these 
limitations, it was shown that a perfect ALSD (unlimited clutch torque capacity and 
instantaneous response), could offer similar performance to an ideal differential in stability 
control scenarios such as braking in a turn or double lane change. 
All of the findings discussed above were made in the simulation environment. In order to 
provide some level of validation, an ALSD control system was implemented on a prototype 
sports saloon vehicle. An ALSD was chosen over a TVD in this case because of the 
relative maturity of the hardware and because, for the application concerned, the additional 
benefits offered by a TVD could not justify the extra weight (approximately 20kg) and cost. 
Whilst the ALSD chosen had a high torque transfer capacity, its time response was 
relatively slow, with time constants of over 300ms in some circumstances. Despite this, it 
was shown that the benefits predicted in the simulation environment with a perfect ALSD 
could be fully realised on a real vehicle on both high and low-p surfaces. This achievement 
was due in no small part to the extensive controller development discussed previously that 
effectively compensated for the loss in performance caused by the slow actuator dynamics. 
The validity of the on vehicle results was also further strengthened by the fact that the 
system was transferred to a completely different type of vehicAe (an SUV) and similar 
improvements in stability (relative to the passive vehicle) were observed. 
12.3 Compadson with Brake Based Yaw Moment Control 
The majority of yaw motion controllers currently in production in the automotive industry 
use single wheel brake intervention to generate a yaw moment. Given that active 
differential systems are likely to be significantly more expensive, they must offer enhanced 
functionality over their brake based counterparts. Both TVDs and ALSI)s have therefore 
been compared with a brake based system and were shown to possess advantages both in 
terms of vehicle dynamic performance and efficiency. 
in terms of dynamic performance, TVDs were shown to have comparable authority to brake 
based systems. There were differences though, with the ability to use the front wheels 
giving the brakes system a greater capacity to generate understeer whilst the ability to use 
a combination of the outside and inside rear wheels gives TVDs a greater capacity to 
generate oversteer (at least off throttle). The increased understeer generation capacity of 
the brakes is also augmented by the fact their application slows the vehicle down and 
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therefore increases stability by default in extreme manoeuvres. However, whilst this may 
be an advantage in some stability control scenarios it is a disadvantage in all other 
situations and one from which a TVID does not suffer. 
Even greater differences between TVIDs and brakes become apparent when efficiency is 
considered. Instead of trying to create a lateral torque difference by dissipating the energy 
supplied to one of the wheels in the form of heat (as with the brakes), the active differential 
simply attempts to reapportion the torque that is supplied to the wheels. The mechanism 
by which this is achieved - the friction clutch - still leads to some energy loss but this is 
generally a very small proportion of the energy dissipated in the brakes This makes the 
TVID a much more viable proposition for continuous yaw control than the brakes. For 
example, it was shown that a substantial change in handling balance could be achieved 
over a long period without requiring significant additional energy input to the vehicAe (the 
energy dissipated in the clutches being largely compensated for by more efficient use of the 
tyres). The brakes system on the other hand would require prohibitive amounts of 
additional input energy to achieve the same dynamic performance, effectively confining it to 
the role of a stability control system (where intervention only occurs in stability critical 
scenarios, rather than during normal driving). 
Due to its limited functionality, the ALSD is also restricted to applying stability control and 
even then its yaw moment authority, although significant, does not match a brake based 
system. However, because it can also operate without slowing the vehicle down, it is still 
worthy of consideration as a system that could augment brake based stability control. This 
was confirmed on the prototype vehicle where the ALSD controller was run alongside the 
vehicle's standard brake based stability control system (ESP). This showed that the ALSD 
could significantly reduce the magnitude of brake interventions (by over 50% in some 
cases) during stability control events and also improve yaw-sideslip control. Significantly, 
these benefits were achieved with a simple co-existence strategy between the two 
controllers, which also successfully prevented any conflict between them. It is possible that 
even greater benefits may be obtained with a fully integrated controller utilising (for 
example) a common reference model and common yaw moment controller. However it 
should be noted that, if significant benefits can be extracted from a simple co-existence 
solution like the one employed here, it is likely to be more attractive (at least in the short 
term) because it requires less resource to implement and avoids issues surrounding 
intellectual property rights. 
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12.4 Future Research 
There are a number of potential areas for future research with both ALSDs and TVDs. The 
ALSID controller developed here focuses on providing increased yaw stability at low throttle 
inputs. However, ALSDs can also have significant potential to improve traction 
performance and increase agility on throttle (through the generation of power oversteer). 
Hence further developments to the ALSID controller should focus on how it can be 
integrated with a traction control function and how it can be utilised to control the increased 
agility offered by ALSDs on throttle. The interaction of a combined traction and stability 
ALSID controller with TCS/ESP would also then need to be assessed in combined traction 
and yaw control events. 
Further investigation into the interaction between ALSID control and brake based stability 
control is also required for SUVs where it was shown that a simple co-existence strategy 
did not offer similar benefits to those observed on a saloon due to the presence of roll over 
mitigation functionality. This could involve the development of a fully integrated stability 
control system utilising both brakes and differential, which would then enable some 
quantification of the additional benefits offered by fully integrated solutions relative to the 
simple co-existence strategy developed here. 
The next phase of research into torque vectoring technology should focus on the 
characterisation of practical hardware in terms of both response times and thermal 
capacity. Characterisation of response times would allow the development of a controller 
for practical application (as in the case of the ALSID in this thesis) and would enable an 
assessment of the ability of actual hardware to fulfil the potential demonstrated here. It 
should be noted that, given the ability of a TVD to control the direction of the applied yaw 
moment, response times are likely to be a more critical factor than they are for an ALSD. 
Finally, whilst it has been shown that the low energy consumption of a TVD makes them 
feasible for the application of sub limit handling control, further analysis is also required to 
assess if the thermal capacity of the torque transfer mechanism is sufficient to allow 
prolonged yaw moment application. 
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13 Conclusions 
It has been shown that active differentials have much to offer in the field of vehicle handling 
control. Their ultimate potential has been illustrated with the analysis of the functionality 
offered by an idealised active differential that allows unrestricted control over both direction 
and magnitude of wheel torque transfer at the rear axle of a vehicle. This has shown that 
active differentials can have significant yaw moment authority in terms of generating both 
understeer and oversteer. Although influenced by surface p and, to a lesser extent, lateral 
acceleration, this authority remains significant throughout the vehicle's operating range and 
can be used to control yaw or sideslip motion both in transients and the steady state. It has 
been demonstrated using a range of scenarios in the simulation environment that this 
capability can be used to actively modify a vehicle's handling balance, extend the linear 
region, minimise sideslip velocity and apply stability control at the limits of adhesion. It has 
also been shown that reference model based control with yaw rate feedback is an effective 
means of delivering such functionality, although the quality of the stability control provided 
by this strategy is highly dependent on the accuracy with which the limit of adhesion is 
captured in the reference model. 
In order to assess the capability of contemporary hardware to deliver the functionality 
offered by the ideal active differential, the capabilities of torque vectoring and active limited 
slip differentials were assessed. It was shown that a TVID could in fact match the 
performance of its ideal counterpart and could do so with realistic gearing and torque 
transfer capacity. The power of these devices to control yaw motion was further illustrated 
when it was shown that their authority is comparable to that of a brake based yaw moment 
controller. Significantly it was also illustrated that the energy loss resulting from the 
application of torque transfer to deliver functionality such as modified handling balance was 
unlikely to be prohibitive. Unlike the brakes, TVIDs would therefore appear to be a viable 
proposition for applying continuous yaw control below the limits of adhesion. 
ALSDs cannot offer equivalent functionality to an ideal active differential because they can 
only generate understeer (off throttle) and are thus restricted to applying stability control 
only. However, even when relatively slow actuator dynamics are taken into account, they 
are still very effective in this regard, with improved stability being demonstrated in a range 
of scenarios both in the simulation environment and on two different prototype vehicles. 
They also have the advantage over brake based systems that their interventions do not 
slow the vehicle down and are therefore not intrusive. It has been shown on a prototype 
vehicle that they can therefore offer significant benefits by operating alongside brake based 
systems since they have sufficient authority to cause a substantial reduction in the 
magnitude of the brake interventions required during stability critical events. Finally, 
reference model based control with yaw rate feedback was also shown to be an effective 
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means of delivering stability control functionality with a real ALSD. However, in order for 
this approach to be effective with a slow actuator, it was shown to be critical that the 
reference model matches the stable passive vehicle as closely as possible to avoid false 
intervention and hence allow the use of small controller thresholds. 
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15 Symbols List 
Note that the wheel and comer numbers (subscript W) are shown in Section 2.1.1, Figure 
2.1. 
a drag = acceleration due to aerodynamic drag (m/s 
2) 
ay = lateral acceleration (M/s 2) 
= limit lateral acceleration (M/S2) 
b= longitudinal distance from front axle to centre of mass (m) 
bs, = damping rate at wheel n (N/m/s) 
c: = longitudinal distance from rear axle to centre of mass (m) 
Cl) drag coefficient 
Caf front comering stiffness (N/rad) 
Car rear comering stiffness (N/rad) 
F1 primary feedback 
P2 secondary feedback 
Fb braking force (N) 
F clutch pack clamping force (N) 
F total left hand longitudinal force (N) 
b- longitudinal force generated at comer n (vehicle coordinates) (N) X. 
F,, 
ý 
= longitudinal force generated at tyre n (tyre coordinates) (N) 
F, = total right hand longitudinal force (N) 
Fý, f = total front lateral force (N) 
F= lateral force generated at comer n (vehicle coordinates) (N) Yý 
Fyt. lateral force generated at tyre n (tyre coordinates) (N) 
Fy" total rear lateral force (N) 
F- load on wheel n (N) 
g= acceleration due to gravity 
(M/S2) 
h, = height of centre of gravity above roll axis (m) 
hf = front roll centre height (m) 
hg = centre of gravity height (m) 
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h,, = roll centre height at centre of gravity (m) 
h, = rear roll centre height (m) 
I,, = wheel inertia (kg M2) 
roll moment of inertia (kg M2) 
product of inertia (kg. M2) 
I 
YY = pitch moment of 
inertia (kg. m 2 
1= = yaw moment of inertia (kg. m 2) 
J aggregate cost function 
J, sideslip acceleration cost 
J2 neutral steer cost 
kbump = toe change per unit wheel deflection (rad/m) 
k, = wheel rate of wheel n (N/m) 
krf = front single wheel bump rate (N/m) 
k, = rear single wheel bump rate (Nlm) 
K= LQR gain matrix 
KFI primary feedback scaling (applied on the input to the vehicle model only) 
K. understeer gradient 
I= wheelbase (m) 
Lr,,, k rack displacement (m) 
mrf front suspension motion ratio 
mrr rear suspension motion ratio 
M total vehicle mass (kg) 
nc number of friction surfaces 
nc,, =gear ratio of gear T 
N yaw moment (Nm) 
final drive ratio 
Nd demanded yaw moment (Nm) 
Ar, torque vectoring left hand clutch gear ratio 
Nr torque vectoring left hand clutch gear ratio 
NI'/r16, 'AT = yaw moment handling coefficient relating to lateral velocity yaw rate steer 
angle / torque transfer 
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p roll velocity (rad/s) 
P brake pressure applied to wheel n (bar) n 
q pitch velocity (rad/s) 
r vehicle yaw rate (rad/s) 
r, effective radius of clutch plates (m) 
yaw rate error (rad/s) 
linear reference yaw rate (rad/s) 
reference yaw rate (rad/s) 
steady state yaw rate (rad/s) 
rx = yaw rate error used by p estimator (rad/s) 
Rr = rolling radius (m) 
t= track (m) 
i, = ALSD time constant (s) 
'd = ALSID pure time delay (s) 
T braking torque applied to wheel n (Nm) b. 
T, )" total torque applied to wheel n (Nm) 
T =engine torque (Nm) e 
Ti = input torque at differential crown wheel (Nm) 
T, = torque supplied to left driven wheel (Nm) 
T= torque supplied to right driven wheel (Nm) r 
Tt = transmission torque (Nm) 
T, = torque transferred from the differential case to the three gang gearing (Nm) 
A7' = torque transfer (Nm) 
AT', = left hand clutch torque transfer (Nm) 
AT = left hand clutch torque transfer (Nm) 'I 
ATCIuIc*Roq = requested clutch pack torque transfer (Nm) 
A7ý = reaction torque difference across the rear axle (Nm) Eirl 
TP = prop shaft torque (Nm) 
AT't, 
'k = static clutch 
friction torque transfer (Nm) 
ATs = breakaway clutch torque transfer (Nm) 
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AT, = torque transferred from the differential case to the three gang gearing (Nm) 
u input vector 
u., = primary feedback input scaling 
U2= secondary feedback input scaling 
U= vehicle speed (m/s) 
1 Ih =characteristic velocity (m/s) 
I/,., =maximum vehicle speed (m/s) 
U, longitudinal velocity at comer n (vehicle coordinates) (m/s) 
(11ý wheel centre longitudinal velocity of wheel n (tyre coordinates) (m/s) 
V= vehicle sideslip velocity (m/s) 
V, = sideslip velocity error (m/s) 
V" = lateral velocity at corner t7 (vehicle coordinates) (mls) 
V, 
ý 
wheel centre lateral velocity of wheel n (tyre coordinates) (M/s) 
W disturbance vector 
W vehicle vertical velocity (m/s) 
X state vector 
Y total lateral force at mass centre (N) 
rri = 
lateral force handling coefficient relating to lateral velocity yaw rate steer angle 
torque vectoring differential gear tooth number 
zsI. static vertical deflection of wheel n (m) 
total vertical deflection of wheel n (m) 
axle acceleration (rad/S2) 
engine acceleration (rad/S2) 
af = average front slip angle (rad) 
a, = slip angle of wheel n (rad) 
C(r = average rear slip angle (rad) 
a,, = rotational acceleration of wheel n 
(rad/S2) 
Ct, = transmission acceleration 
(rad/S2) 
p= auxiliary cost function weighting 
go = inclination of roll axis (rad) 
j5 = demanded front steering input (at the wheels) (rad) 
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steering Input applied to rear wheels by RWS controller (rad) 
= upper limit for reference model steering input (rad) 
steering angle of road wheel ii (rad) 
, 5ref reference model steering input (rad) 
, 5T, static toe angle of road wheel n (rad) 
v= steering angle rate of change coefficient 
0 roll angle (rad) 
y,, camber angle of wheel n (rad) 
y,. = static camber angle of wheel n (rad) 
17,, longitudinal slip of wheel n 
Ic stribeck factor 
primary feedback cost function weighting 
secondary feedback cost function weighting 
,U road 
friction coefficient 
, u, friction coefficient of clutch plates 
coulomb friction coefficient 
estimated road friction coefficient 
, us 
breakaway friction coefficient 
0 pitch angle (rad) 
01, F = feedforward scaling 
p= air density (kg/m 3) 
ory = lateral tyre relaxation length (m) 
damping ratio 
= damping ratio at low speeds 
; sc = 
damping ratio scaling 
-r =time constant (s) 
"high = time constant at high speeds (s) 
o) = natural frequency (rad) 
coca differential cage speed (rad/s) 
0),, left hand inner clutch plate speed (torque vectoring differential) (rad/s) 
Ocr right hand inner clutch plate speed (torque vectoring differential) (rad/s) 
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OjhIgh = natural frequency at high speeds (rad) 
o), left hand wheel speed (rad/s) 
(t), rotational speed of wheel n (rad/s) 
(t), right hand wheel speed (rad/s) 
Aw wheel speed difference (rad/s) 
A(o, clutch sliding speed (rad/s) 
Aoj, l = left hand clutch sliding speed (rad/s) 
Ao),, = right hand clutch sliding speed (rad/s) 
Awmax = maximum wheel speed difference that a torque vectoring differential can generate 
N 
Aw, = stribeck speed 
A, (o,, i, k = karnopp delta speed 
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Appendix A: Vehicle Data 
The data detailed in Tables Al - A2 is representative of the saloon and SUV prototype 
vehicles. The saloon data is used for all simulation work carried out during this 
investigation (unless otherwise stated). 
(i) Chassis Data 
Parameter 
Value 
Saloon SUV 
Masses and Inertias 
Sprung mass (kg) 1665.9 2391 
Unsprung mass per wheel (kg) 47.98 -75,75 
Weight distribution 53.2/46.8 47.4V5-26 
Centre of gravity height (m) 0.554 0-. - 658 
Roll inertia (kgm2) 655.2 -1-053 
Pitch inertia (kgmý') 3319 4, C5 _1 
Yaw inertia (kgm2) 3515 4810 
Dimensions 
Wheelbase (m) -2.906 ý_. 7_44__ 
Track (m) 1.536 1.610 
Suspension 
Front wheel rate (N/m) 26290 2463-0 
Rear wheel rate (N/m) 25830 33306-- 
Front single wheel bump rate (N/m) 75370 _ýýd -_ 
Rear single wheel bump rate (N/m) 32439 40220 
Front roll centre height (m) 0.0914 0.144 
Rear roll centre height (m) 0.141 0.187 
Front damper rate (Ns/m) 1000 4200 
Rear damper rate (Ns/m) 1130 4400 
Front static camber (deg) -0.620 -0.379 
Rear static camber (deg) 
Steering 
-0.939 -0.941 
On centre, rack ratio 
- 
17.58 19.0 
static toe-in (rad) --rront -0.00360 -0.00140 
Rear static toe-in (rad) -0.00180 0.00097 
Front toe change per unit bump (rad/m) -0.1196 -0.0216 
Rear toe change per unit bump (rad/m) -0.0078 -0.0227 
Brakes 
Braking distribution (fixed) 70/30 70/30 
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Tyres 
Rolling radius (m) 0.329 
Lateral tyre relaxation length (m) 0.5 
Front caster trail (m) 0.0376 
Rear caster trail (m) 
Wheel Inertia (kgm2) 1 
Aerodynamics 
Frontal area (m) 
Drag coefficient 
2.2 
0.305 
Air density (kg/m4) 1.202 
Table A 1: Chassis Data 
Tyre Details 
0,346 
0.65 
0.008 
0 
1.5 
2.9 
0.37 
1.202 
Saloon SUv 
Position Front R ar Front Rear 
Manufacturer Pirelli Pirelli Continental Continental 
Cross- Cross- 
P6000 P6000 
Tyre Contact Contact 
225/55 ZR1 7 225/55 ZR1 7 
255/55ZR18 255/55ZR18 
Pressure (Psi) 31 31 33 
Table A2: Tyre Data 
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Appendix B: Cost Function Derivations 
For application of LQR, cost functions must be written in the form, 
j= 
f(, 
VTC)X +2XT Nu +U7 'Ruýll (61) 
where X represents the state vector and u represents the input vector. This Appendix 
details the full derivation of the above form for the cost functions defined in Sections 3.2.4 
and 3.3.1. 
Bl The Sideslip Acceleration Cost (Primary Feedback) 
The sideslip acceleration cost is defined in Section 3.2.4 as, 
Expanding the brackets yields, 
J, =f 
(ay 
- Ur)2dl (B2) 
(a,, 
- Ury =a 2 -211ra +(12r 2 (B3) yy 
From Equation 3.13, the square of lateral acceleration, a may be defined as, 
C4 
(5 + 
C4 
v+ 
bc, 4, + Cc"' r (B4) m mli mu 
S, 
Recalling the state vector from Equation 3.20 and defining S from Equation B4 (above), 
S 
. Iv 
=V 
r 
allows Equation B4 to be written as, 
and also, 
and, s= [s ,s, s' 
I (B5) 
a2= XTSTSX (B6) y 
21 Iray = 2UrSX (B7) 
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Thus, 
(ay 
-I Iry =XTS 
Tý. V + 21 IrSV -+ 1/ 2r2 (B8) 
Manipulating into the form (ay - Ury = 
X7"C)X + U7 'Ru 
, as required by Equation 131 yields 
the following Q matrix: 
S2 Sl`ý 
2 
sl S3 
-I 
ISI 
s2 sts, 2 SIS3 - (IS, (B9) 
112 +S2 SIS3 - 
US 
'ý2S3 - 
ljý 
3 
Note that J, does not produce terms in the N or R matrices. The R matrix is therefore 
simply sraled to limit the input to an appropriate magnitude, 
R (BlO) 
B2 The Neutral Steer Cost (Pdmary Feedback) 
The neutral steer cost is defined in Section 3.2.4 as, 
2 
J2 f( r-u5 dt (BI 1) 
Expanding the brackets yields, 
u22 2U (J2 
r- 8) =r- r(5 +P 
g2 (1312) 
Again, manipulating into the form 
XTC)X + UT Ru yields the following Q matrix: 
UY, o y, 
000 (B13) 
ty, 01 
As with J, , the neutral steer cost 
does not produce terms in the N or R matrices. The R 
matrix is again therefore simply scaled to limit the input to an appropriate magnitude. 
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B3 The Secondary Feedback Cost 
The secondary feedback cost is defined in Section 3.3.1 as, 
J= A2f (rr _ rv 
)2 dl +(I - A2 )f 
(vr 
_ V" 
)2 di +f Ru di (B14) 
Expanding the brackets yields, 
J= /12 
f (r, 2 
-2r,, r, + r, 
2 ýl + (I - A-2 
)f (V,. 2 
-2V, f '%, + VV2 
ýl 
+f Ru di (Bl 5) 
The order of the states is determined by the particular application of the 'linmod' command 
but given a state vector where, 
X=[v, r, u., r,, V" O'ý 
manipulating into the form XT(L)X + UT Ru yields the following Q matrix: 
Q=l 
1- A2 0 0 0 1 +'ý2 0 
0 A2 0 - A2 0 0 
0 0 0 0 0 0 
0 A2 0 A2 0 0 
I+A, 0 0 0 1 -'ý2 0 
0 0 0 0 0 0 
0 0 0 0 0 
(B16) 
(B 17) 
Note that in practice the combined system model gives rise to some 32 states but only 
those representing the vehicle body motion are detailed above in the interests of clarity. No 
terms are generated in the N or R matrices. As in the primary feedback the R matrix is 
therefore simply scaled to limit the input to an appropriate magnitude. 
(B18) 
Um2 
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Appendix C: RWS Controller 
This appendix details the development of a RWS controller using the same methodology as 
that employed in Section 3 for the controlled differential. 
Cl Reference Model 
The reference model described in Section 3.2.2 requires modification in order to account 
for a RWS system. The addition of a rear steering angle means that the expression for rear 
lateral force (Equation 3.9) now becomes, 
Fvr = C,,,. 
[. 
5, cr 
The expression for the lateral dynamics (Equation 3.13) therefore becomes, 
, +C ,, + 
CCf Ccrr 
v+ 
bC'4 
tv r+ C445 + ("(-". (5c (C2) 
Yjl 
Yv 
or, 
+ Ur) = Yl,, V+Y,. r+Y,, d 
6, j + K,, 5, 
Similarly the expression for yaw dynamics (Equation 3.16) becomes, 
I=, - 
bC4 + cC - b'(' of -c 
2cý: 
zr , 2r v+-r+ b('4.5 + cC, 15, (C4) 
v Ad 
A, 
Nv 
or, 
Ij 
= 
IV 
I' 
V+ Nr + N' 
"d S+ Ný (ý. (C5) 
Equations C3 and C5 may be combined to give the modified reference model in state 
space form, 
'/M '/Al 
v- 
ý5, 
+ 
xm YIA4 
(C6) NI Nr NI 
ts, I+ 
Nsl 
t-51 
or, 
,ý= AX + Bu + Giv (C7) 
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C2 Cost Function Dedvation 
The same primary feedback cost functions (Equations 3.21 and 3.24) that were derived for 
the active differential are also used for the RWS system. This section describes their 
manipulation into the form, 
J=f(X'-QX+2XT Nu +U7 'Ruýl (C8) 
Note that, as in Section 3, the steedng angle is included as a state for the purpose of 
dedving the controller gains. The state vector therefore remains as, 
(cg) 
C2.1 The Sideslip Acceleration Cost (Primary Feedback) 
The sideslip acceleration cost is defined in Section 3.2.4 as, 
I Ir 
)2 
di (C 10) 
Expanding the brackets yields, 
(a 
-Ury =a 
2- 2Ura + jj2 r2 (Cl 1) yyy 
From Equation C2, the square of lateral acceleration, a2 may be defined as, Y 
+- 
C(4, - ('fxr V+- 
bC, 
4- + c(, W ay r+ (C 12) 
leý 
mu 
si S, s2 s' 
Defining S from Equation C12 (above), 
S= [SI S2 S3 S41 (C13) 
allows Equation C 12 to be written as, 
ITT, I XS SX +S Sx +'ý (5c (C14) y4c 
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and also, 
21 Im, = 21 Ir(SX + S, (5, (C15) 
Thus, 
(a '2 + 2( Ir(SX 'r " 'X + S415c'S"V + 'S 4 (5c + S4(5c 
)+I I' (C 16) 
Y-1 
'rY XTS T'S 
Manipulating into the form (a, -Ury =X'*QX+2X'"Nu+u' Ru, as required by Equation 
C8 yields the same Q matrix as derived in Appendix B (Equation 139). However, the N 
matrix becomes, 
SIS4 
N SA (C 17) 
"'; 
4 
+ S3'ý 
4 
and the R matdx becomes, 
R= [S; (C 18) 
C2.2 The Neutral Steer Cost (Primary Feedback) 
The neutral steer cost also produces the same Q matrix as derived in Appendix B for the 
active differential (Equation B13). Unlike the sideslip acceleration cost it also does not 
produce terms in the N or R matrices with a RWS system. As in the case of the active 
differential the R matrix is therefore simply scaled to limit the input to an appropriate 
magnitude. 
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Appendix D: Choice of Friction Model Parameters 
This appendix describes the choice of friction model parameters for the clutch pack model 
discussed in Section 5.1.2 and investigates the influence of these parameters on the 
overall performance of the yaw moment controller. However, as discussed in Section 
5.1.2, the friction characteristics of a wet friction clutch pack are a function of the sliding 
speed between the clutch plates. Therefore, before attempting to parameterise the friction 
model it is necessary to define the sliding speed range of interest. This definition is carried 
out in Appendix D1 before the parameterisation of the clutch pack model is described in 
Appendix D2. 
Dl Clutch Pack Sliding Speed Range 
ul 
Figure DI: Rotating Axle 
The wheel centre velocities are then given by: 
and, 
Regardless of the differential type, the sliding speed 
in the clutch pack of an active differential will be a 
function of the cross-axle (rear) wheel speed 
difference. For tree rolling / zero slip conditions, it is 
possible to calculate the maximum rear wheel speed 
difference that a vehicle can generate. Consider a 
single axle turning on a radius, R at a velocity # as 
shown in Figure D1. Assuming a limiting lateral 
acceleration of 1g, the maximum velocity, 8, the 
vehicle can generate for a given radius of turn is 
given by, 
U, =(R+ 
t 
2 
=(R--)ß 
The rotational wheel speed difference is therefore, 
Aco = 
Ul U2 
R,. R,, 
r-- 9 81 " 
16 
9.81 -R 
R 
(D2) 
(D3) 
(D4) 
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By calculating the wheel speed difference across a range of radii (at the maximum speed 
possible in each case), it may be seen that the maximum possible wheel speed difference 
reduces as the radius of turn reduces. With the vehicle parameters utilised here (Appendix 
A) and assuming a minimum radius of turn of 10m, the maximum wheel speed difference 
that may be generated under free rolling / zero slip conditions is approximately 5rad/s. 
It should be noted that higher differences could be generated during dynamic events (due 
to transient peaks in the yaw rate) but even during a relatively extreme manoeuvre like the 
double lane change described in Section 4.2.3, the maximum wheel speed difference does 
not exceed 5rad/s. Higher speed differences are also possible during traction or braking 
events due to individual wheels spinning or locking. For example, in the braking in a turn 
manoeuvre described in Section 3.5.2, the wheel speed difference peaked at 13rad/s. 
However, in the majority of 'handling' events where yaw control via an active differential is 
likely to be applied, it would appear that the wheel speed difference is unlikely to exceed 
5rad/s. 
For an ALSID of the type described in Section 5.1, the clutch sliding speed will be half the 
wheel speed difference, 
Aco, = Ao)/2 (D5) 
A maximum wheel speed difference of 5rad/s therefore gives a clutch pack sliding speed of 
2.5rad/s for the ALSID. 
For a torque vectoring differential of the type described in Section 5.2, the maximum sliding 
speed will be in the clutch which is slowed down relative to the fastest wheel during a left 
hand turn or, equivalently, in the clutch which is speeded up relative to the slowest wheel in 
a right hand turn. Assuming a left hand turn, the maximum sliding speed can be obtained 
from Equations 5.11 - 5.15, 
Aw, = 
(2 - NI)cv, - Np, (D6) 
2 
From Equation D6, it can be seen that the maximum sliding speed in the clutch pack of a 
TVID is a function of vehicle speed as well as wheel speed difference. Assuming a 
maximum vehicle speed of 70m/s (150mph) and a maximum wheel speed difference of 
5rad/s therefore gives a maximum clutch pack sliding speed of 32rad/s for the TVID (the 
same for both clutch packs). 
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D2 Model Parametedsation 
The clutch pack model discussed in Section 5.1.2 employs a Karnopp friction model. The 
(normalised) coefficient of friction of the clutch plate surfaces is described in Equation 5.8, 
repeated here for convenience, 
)e + K, JA (t), 1 
]sg 
V') = 
[#CO 
+ (m - go ým(A(o ), 
for 1> 
(D7) 
Yang (1998) quotes an empirically derived relationship between friction coefficient and 
speed for a wet friction clutch pack. This can be normalised to give, 
1+0.0992Aco, -0.0137Ao),, 
' for Aw, :ý 49rad /s 
1.153 + 0.0450 log(Ao),, ) otherwise 
(D8) 
Only the expression for slip speeds below 49rad/s is applicable here since, as shown in 
Appendix D1, the slip speeds experienced in an ALSID or TVID will always be lower than 
this during 'handling' events. 
In the absence of any other data, Equation D7 was initially parameterised to match the 
relationship described above (although the second order term was ignored). This 
parameterisation resulted in the curve shown in Figure D2a. However, in order to 
investigate the sensitivity of the controllers performance to the definition of the sliding 
region of the clutch pack's p-slip curve, two other curves were also considered (Figure D2b 
and Figure D2c). The Karnopp model parameters used to generate each of these three 
curves are shown in Table Di. 
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Figure D2. - Clutch pack p-slip curves used for sensitivity analysis 
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Parameter Curve I Curve 2 Curve 3 
Coulomb friction coefficient (, u(.,, ) 1 1 1.2 
Breakaway friction coefficient (ji., 1 1 0.9 
Stribeck speed (Ao), ) 0.05 0.05 2 
Stribeck factor (, v 1 
Viscous friction coefficient ( K, 0.0065 0 0.0032 
Karnopp delta speed (Aco,,,,., 0. 0.2 0.2 
Table DI. - Kamopp model parameterisation for various clutch pack li-slip curves 
A double lane change manoeuvre was carried out as described in Section 4.2.3 with a 
TVD. The manoeuvre was repeated with each of the three clutch pack p-slip curves from 
Table D1 and the driver workload is shown in Figure D3. As can be observed from the 
figure, the impact of the parameterisation of the Kamopp model on driver workload is 
negligible (the difference between the TVID traces does not exceed 3% at any point during 
the manoeuvre). The reason for this apparent insensitivity to the clutch pack's p-slip curve 
is that the controller compensates for any differences that would otherwise be observed in 
the delivered torque transfer by simply increasing or reducing the request. 
160 ------------------------------------------------------------- .............. I'll ------- --------------------- t ------------ 
.............. 
- passive 
- TVD - Curve 1 
- TVD - Curve 2 100 --------------------- --------------------- ------------ I --- ------- --------- TVD - Curve 3 
60 ---------- -------- ---------------------- ---------- - -------- ------ ------------- I ---- --- -- .................. 
--------------------- -------- -- - ---- -- - ------------- --- ------------ -- -- ... r0 
. 60 --------------------- ------ - --------- - ----- -- ---------- . ....... . ..... .. ---------- -------- ................. 
OF 
U, 
-10c) ----------------------------- 
j 
--- ----------------- ----- ....... .................. ......... ................. 
. 160 --------------------- -------- ----- .............. -------- ----- ------- ................ .................... 
------------------- 4 -------------------- --------------------- ----- -------- - -- - ------- -- - --------- A 
02346 
Time (a) 
Figure DI Driver workload during 22mls double lane change manoeuvre with various 
parameterisations for the Kamopp friction model used in the TVD. 
As a result of the insensitivity illustrated here, the simplest p-slip curve, Curve 2 (Table DII) 
is employed for all analysis with ALSD and TVD differentials from Section 5 onwards. 
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Appendix E: Wheel Centre Velocities 
As described in Section 2.1.7, the wheel centre velocities in vehicle coordinates are given 
by, 
7 
22 
and, 
V,, =V+[b -c b -c] 
7' r (E2) 
From Figure El, it can be seen that these wheel centre velocities can be converted into 
tyre coordinates via, 
Ul. = I'n COS 15 + P'n sin t5 
and, 
V,, sin J-U,, sin (5 
These are the wheel centre velocities used in the energy analysis of Section 6.2. 
I 
I 
Figure El: Tyre Coordinate Transformation 
(E3) 
(E4) 
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Appendix F: Energy Balance Verification 
In order to verify that the kinetic and heat energy dissipated in the vehicle model is equal to 
the energy input, an energy analysis was carried out on the closed loop braking in a turn 
manoeuvre discussed in Section 6.2.4 with a TVD. This manoeuvre was chosen since it 
involves cornering at high lateral accelerations (0.9g) and braking at some 0.6g. The 
simulation is run for 14 seconds so the vehicle speed has reduced from 38m/s to around 
24m/s by its conclusion. The results are tabulated in Table F I. 
Powertrain 
[-ýinks 
Tvre Lonaitudinal Slic) 
20496 
-0/6-of Total nergy (ki) 
Tyre Lateral Slip 395.7 19.3 
Brakes 657.2 32.1 
Differential 133.6 6.5 
Aerodynamic Drag 265.7 13.0 
Wheels 10.5 0.5 
Vehicle Roll 3xlO-* IX10- 
Vehicle Pitch 
Ve - hicle - Yaw 
8xi 0-11 
0.03 
4xl 0-9 
1xio, 
Vehicle Longitudinal Velocity 544.0 26.5 
Vehicle Lateral Velocity 0.12 6xl 0-ý' 
Vehicle Vertical Velocity 410-'5 2x1 0' 
Total 2049.7 
Net 0.034 
Table F- 1: Lnergy sources and sinks tor a 36M/S braking in a turn manoeuvre. 
Some confidence in both the energy calculations and the model itself can be drawn from 
the fact that the energy supplied to the system is indeed equal to the energy dissipated by 
it. There is a small error of 0.034W (around 0.002% of the total) but this can be attributed 
to integration errors since it reduces when the simulation step size is reduced. 
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Appendix G: Bicycle Model Transfer Function Derivation 
This appendix first details the derivation of a second order transfer function from steering 
angle to yaw rate from the equations of motion of a 2DOF bicycle model. It then describes 
the extraction of the steady state yaw rate gain from this transfer function, which then 
allows the derivation of characteristic velocity. 
Defining again the coefficients, 
( 'o =( "14, +( "ar (Gl ) 
C, = bCclr - c('(. 7 (G2) 
.+ 
C2( , C2 = b' '(-'w 'ar (G3) 
Substituting these coefficients into Equation 8.1 allows the state space representation of 
the 2DOF bicycle model to be written as, 
c. ", / mu - yj +c/ Mu)- C4 1" 
]45 
(G4) ci / I=u C2 /"-u 
AB 
From Equation G4, the equations of motion of a bicycle model can then be written as, 
VS =a,, V +a, 2r +b, g (G5) 
rs = U2, V+a, 2r+b2'5 (G6) 
where a. and b,, represent the coefficients in the A and B matrices of Equation G4. From 
Equation G5, it is possible to obtain the following expression for lateral velocity, 
a, 2r + bl, 5 (G7) 
s-a,, 
Substituting Equation G7 into G6 yields, 
a, 2r + blS rs = a2l +a22r + b245 (G8) 
s-a,, 
This can then be rearranged to give the following transfer function from steering angle to 
yaw rate, 
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r=- b2s - 
h2al 
I+ a2lhl (G9) 
(5 s' - 
(a,, + a22 
)V 
+ a, 2a,, - a2, a, 2 
This can then be manipulated into the form of Equation 8.2. 
The steady state response form of Equation 8.2 is, 
K= 
(GlO) 
0) 
2 (, 
0( 1 +AfIJ2( I 
'I 
-(' 12 
Substituting Equation GI and expanding gives, 
r. U(b + C'.. (Gl 1) 
(5 (b' + 2bc + c' - A41 
12( 
Substituting for wheelbase (I =b+c) and rearranging then gives, 
All I 
-cI IC4c, 
(G12) 
Equation G12 can be directly related to the vehicle's understeer gradient, which can be 
written as [Gillespie, 19921, 
K,, =1MbI 
A4 
(G13) 
C4 Car 
Substituting Equation G2 into G 12 then yields, 
MgC' 
1(14ccv 
(G14) 
Substituting Equation G14 into G12, thus allows the steady state gain to be expressed in 
terms of the understeer gradient as in Equation 8.8. 
The characteristic velocity is the velocity at which the vehicle is most responsive in yaw 
[Gillespie, 1992] and is defined as the speed at which the steady state yaw rate gain 
reaches its peak. It can be obtained by differentiating Equation G10, 
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d( r") 
(5 
- 
(h( 
0- C'4C', 
) 
(G15) 
dU (, O(, ý .. -, -+ MCI 12 
COCI 
+ A41 IC, - 
CI 2 
112 12(IIII) 
The characteristic velocity is then the velocity at which Equation G 15 tends to zero, 
= 
LO( '2 
-c, 12 (G16) lich 
(, I 
By rearranging Equation G16 and substituting Equation G14, it can be shown that the 
characteristic speed can also be obtained from the vehicle's understeer gradient, 
(ich (G17) 
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Appendix H: First Order Pad6 Approximation 
For the purposes of the linear system analysis in Section 8.3, the pure delay in the actuator 
dynamics was represented as a first order Pad6 approximation (Equation 8.38). Despite 
the apparently poor time response given by this approximation (Figure HI), it is still a 
sufficiently accurate 
7- T 
........... ........... . 
0.8 - --- -- ------------- 
0.0 ....................... ................ ------- . ........................ I ................... 
0.4 - ----- --- ------- ...... -------- -- ------ 
0.2- ------- ................ ........... ......... .. 
---------- I,.,,, -,,,,, --, ' ---- ---- ------ 
0.: -------- -- ........... .... .... ---------- ----------- ----------- I ............ ...... 
. 0.4 ----------- ----------- --- --------------------- ........... ........... ...................... . 
-0.5 ------------------------ -- --------- : ----------- - -------------------------------------------- 
-0.8 ...................... .......... ........... . ........... I ........................ 
-1 . ..... - Request 
9*kvered 
LILj 
oJ--- 0.95 1 1.06 1.1 1.1 51 .21.25 1.3 Thne(s*conds) 
Figure H I: Step response of first order Pade approximation for 
a 250ms delay 
representation for frequency 
domain analysis. This can 
be illustrated by considering 
the frequency response of 
the system described in 
Section 8.3.2. As shown in 
Figure 8.12, the system is 
unstable with a gain of 
200000 and as described in 
Section 8.3.3, the root locus 
predicts that the gain must 
be reduced to 140000 to 
achieve marginal stability, Considering the step response of the system with the Pad6 
approximation substituted with a pure time delay allows the accuracy of this prediction to be 
checked. This is what is shown in Figure 8.14, which confirms that marginal stability is 
indeed obtained with a gain of 140000. Even the frequency of oscillation (1.89Hz) is close 
to that predicted by the root locus (1.94Hz). This result therefore goes some way to 
justifying the use of a first order Padd approximation for stability analysis. 
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Appendix 1: Bicycle Model Damping Investigation 
In Section 9.1.2 it is shown the damping ratio of a bicycle model is significantly higher than 
that of the 10DOF full vehicle model (see Figure 9.1). There are three principal factors 
which cause this discrepancy. The first of these is roll steer. For the vehicle model 
employed here, roll steer accounts for over 20% of the understeer gradient. In the bicycle 
model, this is accounted for by simply scaling the front tyre comering stiffness. However, 
whilst this gives the correct steady state behaviour, it means that the impact of roll steer 
during transients (when the roll angle is changing) is lost. If roll steer is removed from the 
10DOF model (and the front tyre comering stiffness adjusted to maintain the same steady 
state behaviour), it can be observed from Figure 11 that its transient response moves closer 
to that of the bicycle model. 
0.14 ------------------------------------------------------ --------------- ----- 
0.12 ---------------- - ------------------------ --------------------- ---------------------- 
0.1 -------- ----- ----------------------- 
43 0.08 -------- ---- ------------------------------------------------------------ ---------------------- 
3: 0.06 ----------- ---------------- -I ---------------------- --------------------- ---------------------- 
0.04 - -------- I- ------------------ I ---------------------- --------------------- ------------------------ 
- Bicycle Model 
0.02 --------- I --------------- - 10DOF Model - Unmociffied 
10DOF Model -Without Roll Steer 
IODOF Model - Without Roll Steer & Tyre Load Variation 
10DOF Model - Without Roll Steer, Tyre Load Variation & Relaxation 
0- 1 
1 1.5 2 2,5 3 
Time (seconds) 
Figure / I. - 125kph, 2011 step steer response of bicycle and various types of I ODOF model 
The second factor causing the discrepancy between the two models is the non-linearity of 
the tyres. In the bicycle model, the lateral tyres forces are a linear function of tyre slip 
angle whilst in reality they are a non-linear function of tyre slip angle and vertical load 
(ignoring longitudinal effects). During transients the changes in vertical load can therefore 
have a significant effect on the yaw response. Hence if the tyre loads are held constant in 
the I ODOF model, the step response moves significantly closer to that of the bicycle model 
(Figure 11). Note that this is despite the step response being obtained in the linear region 
of the vehicle's steady state understeer gradient (at around 0.3g). 
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The final factor causing the I ODOF model to deviate from the bicycle model is lateral tyre 
relaxation. Tyre relaxation is a purely transient phenomenon as it effectively introduces a 
lag into the generation of lateral slip angle and therefore tyre force generation. If it is 
removed from the 10DOF model along with tyre load variation and roll steer, it can be 
observed that its response becomes almost identical to that of the bicycle model (Figure 
11). 
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Appendix J: Controller Gain Tuning with Reference Model Plant 
In the linear analysis of Section 8.3.3, feedback controller gains of 55000 (proportional) and 
130000 (integral) were shown to give a stable response at 1OOkph with a phase margin of 
510. However, these gains proved to give an unstable response when applied in the 
10DOF model. This is because the bicycle model used for the linear analysis significantly 
over estimates the 1 ODOF model's damping ratio (see Section 9.1.2). The linear analysis 
of Section 8.3.3 is therefore repeated here with the bicycle model replaced by the transfer 
function based reference model (as tuned in Sections 9.1.1 and 9.1.2) since this model 
gives a more accurate representation of the level of damping in the 10DOF model. With 
this model, the phase margin of the system reduces to 210 and the step response of the 
system becomes highly oscillatory (Figure A), thus placing the linear system in good 
agreement with the I ODOF model. 
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....... ............... ..... ..... ............ .. --------------- ... 
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........ .......... ....... 7 ..... ...... 
...... ................ ... .............. 
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. ......... 
I. S 2.5 3 3.5 
rms is) 
b) 
5 
Figure JI: Step response of system with PI controller, actuator dynamics and reference model 
as plant (Proportional Gain = 55000, Integral Gain = 130000). 
In order to restore an acceptable phase margin and level of damping, it is necessary to 
reduce the proportional gain to around 10000 and the integral gain to around 100000. This 
gives a phase margin of 600 and the significantly better damped step response of Figure 
J2. Once again, this is in good agreement with the I ODOF model results. 
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Figure JI. - Step response of system with PI controller, actuator dynamics and reference model 
as plant (Proportional Gain = 10000, Integral Gain = 100000). 
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Appendix K: On Vehicle ALSD Controller Tuning 
This appendix provides detailed results from the areas of on vehicle ALSID controller tuning 
that are summarised in Section 10.1, namely the tuning of the damping ratio scaling, high 
road friction coefficient and controller gains. 
Kl Dampinq Ratio Scalinq Tuninq 
It was illustrated in Section 9.1.2 that either a step steer or frequency response test could 
be used to tune the damping ratio scaling in the simulation environment. Step steer 
manoeuvres are chosen for on vehicle tuning because the test is more repeatable and is 
less demanding on driver skill level. 
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Figure K 1: 1 OOkph, 30* step steer responses 
In order to illustrate the repeatability of this manoeuvre, the results from three tests carTied 
out at 1OOkph with nominal steering inputs of 300 are shown in Figure K1. A steering input 
of 30' is chosen to ensure the vehicle remains in the linear region (ie. the lateral 
acceleration is less than around 0.4g). As can be observed, there is some variation in the 
final steady state yaw rate (Figure K1 b), due to the variation in input amplitude (Figure KI a) 
but the overall shape of the response is very comparable in all three cases. 
The average steering input and vehicle speed from these three tests is played through the 
reference model to enable the reference yaw rate to be compared with the yaw rate 
measured on the vehicle (averaged across the three tests). As predicted by the simulation 
model, the bicycle model damping ratio gives a significantly over-damped response and in 
this case a scaling of 0.7 gave the closest match to the vehicle as shown in Figure K2a. 
This compares well with the 0.75 scaling applied in order to match the vehicle model. 
Some discrepancy is to be anticipated given that the frequency response of the vehicle 
model does not correlate exactly with that of the real vehicle, as discussed in Section 2.3.2. 
Similarly good correlation between the reference model and vehicle with this damping ratio 
scaling is also observed at 75 and 120kph as shown in Figures K2b and c. As at 100kph, 
these responses are averaged across at least three runs. 
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To illustrate the effectiveness of tuning the reference model via step steer data, an example 
of the correlation with the frequency response at 120kph is shown in Figure K3. 
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Figure K2: Step steer response correlation between vehicle and reference model at a) 100kph 
(300 step input), b) 75kph (70" step input) and c) 120kph (300 step input). 
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Figure KI Yaw rate frequency response of vehicle and reference model at 120kph. 
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K2 Saturation Tuninq 
As observed in the simulation environment, setting the coefficient of friction to a value of 
unity, results in a reference model yaw rate that saturates too early. This suggests that as 
in the model, the tyres on the real vehicle are capable of generating lateral forces which are 
slightly higher than their normal load. As illustrated in Figure K4, during a 30m constant 
radius test it is necessary to set the road friction input to the reference model to 1.1 to 
prevent the vehicle's yaw rate exceeding the reference at saturation. The same result can 
also be observed on higher radii of turn at higher vehicle speeds, for example during a 
1 OOkph swept steer test (Figure K5). 
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Figure K4: Reference and actual yaw rates during a 30m constant radius test (3 runs shown). 
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Figure K5: Reference and actual yaw rates during aI OOkph swept steer (3 runs shown). 
K3 Feedback Controller Gains 
The controller gains can be tuned on the vehicle in the same manner as in the simulation 
environment (Section 9.1.5). Again the step response of the controller is assessed by 
tuning the reference model so that it has a significantly larger understeer gradient than that 
of the passive vehicle. A step input (of yaw rate error) can then be applied to the controller 
if it is switched on whilst the vehicle is steady state cornering. As predicted via the linear 
analysis in Section 8.3 and the simulation environment analysis in Section 9.1.5, the 
controller is unstable if the controller is implemented as proportional only, with a gain of 
200000. This is illustrated in Figure K6a where the vehicle is being driven at 40kph with a 
fixed steering input of approximately 1000. However, if the proportional gain is reduced to 
around 20000 and an integral gain of 200000 added, the controller is stable (Figure K6b) 
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and has negligible steady state error, as predicted in the linear analysis. This result goes 
some way to highlighting the value in the classical control approach used to design the 
feedback controller. As also observed in the simulation environment, whilst these gains 
produced stable controller behaviour at low speeds, at higher speeds the controller's 
response begins to become oscillatory again, as shown in Figure K7. In order to correct 
this both the proportional and integral gains have to be halved. 
OA 
40.38 
1! 
10.36 
w 
10,34 
0.32 [ 
6 
-1500 ---------- ---------- I ----------- I --------- -- E 
1000 ---------- 
500 .................... 
OA .... ... 
Reference 
Actual 
038 forv ------ ... ............................. 
0.36 ....... 
A LL 
0.32 .... .... i ... .... ;ý, ý-., -. 1. - 
4a8 10 12 14 
nme (a) 
tpu 
! so 
40 
2C 
Ollt 
A 12W 
------- --- . ............ . .. 
........ ... ..... ..... ..... ..... ........... 
1'0 1'2 4 
11me (a) nmo (a) 
a) b) 
Figure K6. - Step response of controller during steady state comefing at 40kph with a fixed 
steering input of 1000. The controller gains are a) Kp = 200000, Ki =0 and b) Kp = 20000, Ki 
200000 and it is switched on at a) 9.6s and b) 7.3s. In both cases the reference model's 
understeer gradient is scaled by 1.75. 
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K4 Feedforward Smoothinq Function 
The feedforward controller is implemented with the scaling chosen for the simulation 
environment in Section 9.1.6. As observed in the simulation environment, more aggressive 
scalings degraded the stability of the controller. However with this scaling and with the 
feedback controller gains set to 10000 (proportional) and 100000 (integral), the controller 
remains stable with negligible oscillation and minimal steady state error at 1OOkph (Figure 
K8). 
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Figure K8: Step response of controller during steady state cornering at IOOkph with a fixed 
steering input of 70*. Both feedforward and feedback controllers are active. The feedback 
controller gains are Kp = 10000, Ki = 100000 and it is switched on at 4.3s. The reference 
model's understeer gradient is scaled by 1.45. 
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